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ABSTRACT 
Anne-Marie Ladouceur: Molecular mechanisms regulating chromosome  
size scaling during C. elegans early embryonic development 
(Under the supervision of Paul S. Maddox) 
 
During embryonic development in metazoans, cells decrease in volume by up to two 
orders of magnitude, a consequence of multiple rounds of cell divisions without growth of the 
embryo.  Using C. elegans and X. laevis embryo as model, it has been shown that mitotic 
structures all scale with cell size, smaller cells have smaller organelles (reviewed in 1). Due to 
technical limitations, scaling of mitotic chromosome has received less attention. It is 
expected that during anaphase, condensed mitotic chromosomes must be half the length of 
the mitotic spindle to be properly segregated to each daughter cell, a length that varies 
according to cell size. Using high-resolution time-lapse microscopy of dividing C. elegans 
embryos, we have precisely measured chromosome length in 3D and show that prometaphase 
condensed chromosomes are smaller in length as cell reduces in size. We hypothesize that 
this change in chromosome condensation could be: 1) an outcome of a cellular size control 
and/or 2) a programmed developmental change. To assess the first hypothesis of a cell 
autonomous regulated mechanism, we experimentally reduced cell and nuclei size. 
Surprisingly, we found that reduction of each resulted in a corresponding reduction of 
chromosome size. To test the second hypothesis, we used a C. elegans strain with one 
chromosome longer than any wild-type chromosome, resulting from a X/autosomeV end-to-
end chromosome fusion. This worm strain should be sensitive to any defect in chromosome 
iv 
condensation or segregation. To identify new regulators of chromatin compaction, we 
depleted known chromatin modifying enzymes and identify genes that increased embryonic 
lethality in the fusion strain compared to a WT strain. This strategy allowed us to identify 
both CENP-A and Topoisomerase II as crucial chromosome size regulators during C. elegans 
early embryonic development. 
 
Thus we are using large-scale RNAi depletion and high resolution imaging to 
determine the mechanisms of mitotic chromosome size regulation. Mitotic chromosome 
assembly and the process of scaling organelles to cell size are often seen as cellular 
processes. Indeed, this project highlights an innovative idea since those problems are poorly 
understood in a developmental context.
v 
ACKNOWLEDGEMENTS
 The years spent in grad school is an extraordinary journey filled with memories, good 
and bad (!, but mostly good), memories of the friends we made, the inspiring people we met 
and of course the exciting scientific discoveries. I will forever cherish those moments and it 
is only possible because I’ve always been surrounded with great people who made my life in 
lab enjoyable and others who supported me outside lab.  
 
 First I would like to thank my supervisor Paul Maddox who really gave me the 
opportunity to find back the love I had for science. All my success and achievements are also 
yours and only possible because you did believe in me from day one. I will always be 
grateful you giving me all those opportunities to truly excel. Thank you. 
 
 The Maddox lab wouldn’t be that successful if it wasn’t also for Amy. Thank you 
both of you for sharing your life with us. You really made us feel part of a family when ours 
was miles away. 
 
 I would like to thank every single person who is or was once a Maddox lab member. 
Each and every one of you who thought me everything I know now. Especially, Rajesh 
Ranjan who shares a co-first authorship on the third chapter and Valérie deRop.  Jonas Dorn 
who was a great mentor in teaching me basic microscopy and statistical analysis skills. We 
were all part of close cohorts of grad student and it was great sharing those times with you. 
vi 
Carlos and Vince, we all made the big jump and moved from Montreal. This time spent in 
Chapel Hill would not have been the same without you friends.  
 
 Finally I need to thank my friends and family. Of course, none of this would have 
been possible without the support from my mother since I started University. Patrick, my 
partner, who followed me through all our crazy adventures from Montreal to North Carolina. 
When we moved to Chapel Hill, we didn’t know what to expect. In turns out we met amazing 
people who will be our friends for a lifetime. And we can’t forget what we did best in NC. 
Juliette you are my little sunshine and, everyday, life is better because you are here with me. 
One last thought to my father who somewhere, somehow watches out for me.  
 
vii 
PREFACE 
 The second chapter of this thesis was published in the Journal of Cell Biology (JCB) 
in June 2015 with Dr Jonas Dorn as a second author. Dr Dorn helped with all the statistical 
analysis.  
 
 The third chapter is currently under revision at JCB. This chapter includes work from 
a former co-worker, Dr Rajesh Ranjan who performed the work presented in Fig 3.2. Dr 
Ranjan is the co-first author on the second article submitted to JCB. Lydia Smtih from the 
Maddox lab helped me doing the RNAi screen presented in Fig 3.1. Jennifer Heppert from 
the Goldstein lab help generate the TOP-2::sfGFP CRISPR worm strain. Tanner Fadero from 
the Maddox lab performed the microscopy and the data analysis of the TOP-2::sfGFP 
CRISPR worm strain fluorescent intensities during development. 
 
 The data presented in chapter four was in part collected at the Marine biological 
Laboratories in Woods Hole during the summer I spent there as a student of the Embryology 
course. I therefore need to acknowledge every student, TA and professor who helped me 
acquire the data.  
 
 
 
viii 
TABLE OF CONTENT
LIST	  OF	  TABLES	   	  .......................................................................................................................	  xii	  
LIST	  OF	  FIGURES	   	  ......................................................................................................................	  xiii	  
LIST	  OF	  ABBREVIATIONS	  AND	  SYMBOLS	  ............................................................................	  xv	  
Chapter	  1.	   INTRODUCTION	  .........................................................................................	  1	  
1.1.	   Chromosome	  condensation	  ..........................................................................................	  1	  1.1.1.	   Chromatin	  structure	  ...............................................................................................................	  1	  
1.1.1.1. The chromatin fiber and the nucleosome based model for  
chromosome organization (or hierarchical helical folding) ........................................................ 1 
1.1.1.2. The scaffold base model for chromosome organization  
(or the radial loop model) ............................................................................................................ 3 
1.1.1.3. Alternative or new models of mitotic chromosome structure .................................... 7 1.1.2.	   Major	  drivers	  for	  mitotic	  chromosome	  assembly	  ..................................................	  11	  
1.1.2.1. Condensin complexes ............................................................................................... 11 
1.1.2.2. Topoisomerase II ...................................................................................................... 14 
1.1.2.3. An interplay between TopoII and Condensin ........................................................... 15 
1.1.2.4. Centromere-protein A (CENP-A) ............................................................................. 18 
1.1.2.5. Histone modifications ............................................................................................... 21 
1.2.	   Cell	  size	  scaling	  ..............................................................................................................	  23	  1.2.1.	   Model	  organisms	  to	  study	  cell	  size	  scaling	  ................................................................	  24	  
1.2.1.1. C. elegans as a model organism ............................................................................... 24 
1.2.1.2. Cell and nuclear size scaling by Conklin .................................................................. 26 1.2.2.	   The	  Limiting	  Component	  Model	  .....................................................................................	  271.2.3.	   Molecular	  ruler	  ......................................................................................................................	  28	  
ix 
1.2.4.	   Assembly/disassembly	  rate	  .............................................................................................	  29	  1.2.5.	   Molecular	  gradients	  .............................................................................................................	  29	  
1.3.	   Chromosome	  size	  scaling	  ...........................................................................................	  30	  
Chapter	  2.	   MITOTIC	  CHROMOSOME	  LENGTH	  SCALES	  IN	  RESPONSE	  	  
TO	  BOTH	  CELL	  AND	  NUCLEAR	  SIZE	  ......................................................................................	  32	  
2.1.	   Introduction	  ...................................................................................................................	  32	  
2.2.	   Results	  and	  discussion	  ................................................................................................	  34	  2.2.1.	   Chromosome	  length	  regulation	  during	  the	  first	  4	  divisions	  of	  	  C.	  elegans	  embryos	  ...............................................................................................................................	  34	  2.2.1.	   In	  early	  embryos	  chromosomes	  shorten	  in	  response	  to	  	  decreasing	  cell	  size	  ...............................................................................................................................	  37	  2.2.2.	   Cell	  size	  and	  nuclear	  size	  independently	  regulate	  	  chromosome	  length	  scaling	  ..............................................................................................................	  39	  2.2.3.	   RCC1	  RNAi	  embryos	  exhibit	  a	  global	  increased	  	  compaction	  prior	  to	  mitosis	  .............................................................................................................	  42	  2.2.4.	   The	  RAN-­‐GTP	  gradient	  contributes	  to	  nuclear	  and	  chromosome	  size	  ..........	  44	  2.2.5.	   A	  chromosome	  length-­‐scaling	  model	  ...........................................................................	  45	  
2.3.	   Supplemental	  material	  ...............................................................................................	  48	  
2.4.	   Material	  and	  methods	  .................................................................................................	  50	  
Chapter	  3.	   CENP-­‐A	  AND	  TOPOISOMERASE-­‐II	  ANTAGONISTICALLY	  
REGULATE	  CHROMOSOME	  LENGTH	  IN	  HOLOCENTRIC	  ORGANISMS	  .........................	  55	  
3.1.	   Introduction	  ...................................................................................................................	  55	  
3.2.	   Results	  and	  discussion	  ................................................................................................	  57	  3.2.1.	   A	  targeted,	  reverse	  genetic	  screen	  for	  proteins	  	  required	  to	  segregate	  an	  abnormally	  long	  chromosome	  .....................................................	  57	  3.2.2.	   CENP-­‐A	  and	  TOP-­‐2	  regulate	  chromosome	  	  
x 
length	  in	  opposing	  manners	  .............................................................................................................	  60	  3.2.3.	   Endogenous	  CENP-­‐A	  and	  TOP-­‐2	  localize	  linearly	  	  on	  mitotic	  holocentric	  chromosomes.	  ..........................................................................................	  61	  3.2.4.	   TOP-­‐2	  and	  CENP-­‐A	  form	  physically	  distinct	  axes	  ...................................................	  63	  3.2.5.	   Titration	  of	  CENP-­‐A,	  but	  not	  TOP-­‐2,	  via	  nuclear	  	  trafficking	  is	  required	  for	  chromosome	  size	  scaling	  	  during	  embryonic	  development	  .....................................................................................................	  64	  3.2.6.	   CENP-­‐A	  acts	  as	  a	  ruler	  for	  chromosome	  length	  .......................................................	  66	  3.2.1.	   Centromere	  domain	  size,	  rather	  than	  number,	  	  defines	  C.	  elegans	  mitotic	  chromosome	  length	  ........................................................................	  68	  
3.3.	   Supplemental	  material	  ...............................................................................................	  73	  
3.4.	   Tables	  ...............................................................................................................................	  76	  
3.5.	   Material	  and	  methods	  .................................................................................................	  78	  
Chapter	  4.	   NUCLEI	  AND	  CELL	  SIZE	  CONTROL	  ......................................................	  84	  
4.1.	   Introduction	  ...................................................................................................................	  84	  
4.2.	   Results	  and	  discussion	  ................................................................................................	  85	  4.2.1.	   Scaling	  across	  animals	  and	  within	  closely	  related	  species	  .................................	  85	  
Chapter	  5.	   DISCUSSION	  ...............................................................................................	  93	  
APPENDIX	  1:	  THE	  CONDENSIN	  COMPLEX	  IN	  C.	  ELEGANS	  ............................................	  107
APPENDIX 2: CENP-A INCORPORATION OUTSIDE  
CENTROMERE IN YEAST CELLS.................................................................................108 
REFERENCES.....................................................................................................................109 
xii 
LIST OF TABLES 
Table 2.1  One-way ANOVA comparing developmental stage for  
 each RNAi condition or all RNAi conditions 
 at each developmental 
stage..................................................................................................................35 
 
Table 2.2.  t-Test statistical significance of chromosome length  
 differences comparing all developmental stages  
 for each RNAi 
condition...........................................................................................................36 
 
Table 2.3. Correlation between cell size, nuclei size and  
  chromosome length in Control, IMA-3, RCC1  
  and NTF-2 depleted embryos...........................................................................38 
 
Table 2.4.  Time spent in prophase in Control and RCC1 depleted embryos....................43 
 
Table 2.5.  Statistical differences of chromosomes length variance at  
all different stages between Control and RCC1 depleted embryos. ................44 
 
Table 3.1.  Mean chromosome length measurements at the one-cell  stage....................76 
 
Table 3.2.  Average chromatin CENP-A fluorescence intensity 
  at the one-cell stage, relative to Control...........................................................77
  
 
xii 
LIST OF FIGURES 
Figure 1.1. Classical models for mitotic chromosome assembly..........................................3 
 
Figure 1.2. The chromosome scaffold as seen by  
 Laemmli and colleagues.....................................................................................6 
 
Figure 1.3. Megabase to gene scale chromatin organization..............................................10 
 
Figure 1.4. Linear and axial compaction model  
 for mitotic chromosomes..................................................................................11 
 
Figure 1.5. The Condensin complexes................................................................................12 
 
Figure 1.6.  Topoisomerase II and Condensin’s  
 biochemical activity on chromatin....................................................................18 
 
Figure 1.7.  Mitotic chromosome organization in C. elegans..............................................21 
 
Figure 1.8. C. elegans’s life cycle and first mitotic division..............................................25 
 
Figure 1.9.  Cell size and nuclear size by Edwin G. Conklin (1912)...................................27 
 
Figure 2.1  Chromosome length scales to cell size during early  
 C. elegans embryogenesis................................................................................34 
 
Figure 2.2.  Chromosome length scales to cell size not developmental program................39 
 
Figure 2.3.  When uncoupling nuclear to cell size,  
 chromosome length scales to nuclei size..........................................................41 
 
Figure 2.4.  Ran pathway members regulate chromosome  
 and nuclear size through limited nuclear import..............................................47 
 
Figure 2.5.  Embryonic phentotype following depletion of  
 C. elegans importin proteins.............................................................................48 
 
Figure 2.6.  Chromosome length analysis in diploid vs tetraploid worms...........................49 
 
Figure 2.7.  Chromosome condensation dynamic during development...............................50 
 
Figure 3.1.  RNAi screen of C. elegans nucleome identifies chromosomal  
 architecture protein as regulator of chromosome size......................................59 
 
Figure 3.2.  Endogenous TOP-2 localizes linearly on  
 mitotic chromosomes and form axes 
 physically distinct from centromeres................................................................63 
xiii 
 
Figure 3.3.  Chromatin associated CENP-A level decreases  
 during development and is regulated by nuclear import..................................66 
 
Figure 3.4.  Decoupling the amount of CENP-A incorporated  
 per chromosome unit length modifies the chromosome  
 length ruler and extra CENP-A is incorporated in existing CENP-A  
  domains rather then spreading between domains.............................................70 
 
Figure 3.5.  Genomic organization of strains used in the study  
 and generation of a TOP-2 primary antibody...................................................73 
 
Figure 3.6.  Characterization of cenp-a/cpar-1, knl-2 and  
 top-2 RNAi on C. elegans single cell embryos................................................74 
 
Figure 3.7.  Super-resolution microscopy on chromatin spreads  
 performed on living C. elegans single-cell embryos........................................75 
 
Figure 4.1.  Nuclei and DNA density scaling to  
 cell size across 4 different animal species........................................................87 
 
Figure 4.2.  Genome size and cell size is decoupled in the  
 nematode species Pellioditis typica..................................................................90 
 
Figure 4.3.  Nuclei size scaling in a worm strain closely related to C. elegans...................91 
 
Figure 5.1.  Predictions for chromosome condensation  
 regulation through cell cycle or development..................................................97 
 
Figure 5.2.  The limiting component model for chromosome  
 size regulation during early embryonic development.......................................98 
 
Figure 5.3.  Chromosome size scaling during development..............................................100 
 
Figure 5.4.  Chromosome size scaling defects in monocentric  
 and holocentric chromosome..........................................................................101 
 
Figure Supp 1. The condensin complexes depletion phenotypes in C. elegan......................107 
 
Figure Supp 2. CENP-A overexpression and overincorporation  
 does not modify chromatin physical properties as  
 analysed by high-resolution light microscopy................................................108 
 
 
 
 
xv 
LIST OF ABBREVIATIONS AND SYMBOLS 
 
°C  Celsius degree 
3-C   Chromosome-Conformation-Capture 
3D   3 Dimensions 
4C   Circularized-Chromosome-Conformation-Capture 
4D  4 Dimensions 
5C   Carbon-Copy- Chromosome-Conformation-Capture 
ANOVA ANalysis Of VAriance  
ATP  Adenosine TriPhosphate 
B.s   Bacillus subtillis  
BSA  Bovine Serum Albumin 
C. plana  Crepidula plana   
Carb  Carbenicilin 
CENP-A CENtromere Protein A  
ChIP-chip ChromatinImmunoPrecipitation on chip  
ChIP-Seq ChromatinImmunoPrecipitation Sequencing  
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats  
DAPI  4',6-diamidino-2-phénylindole 
DIC  Differential Interference Contrast  
DNA  DeoxyriboNucleic Acid 
dsRNA double stranded RiboNucleic Acid   
EM  Electron Microscopy 
EMCCD Electron Multiplying Charge Couple Device  
xv 
FRAP   Fluorescence Recovery After Photobleaching  
FWHM Full Width Half Max  
G1  cell cycle Gap phase 1 
G2  cell cycle Gap phase 2 
GAP  GTPase activating Protein  
GDP  Guanosine DiPhosphate 
GEF  Guanine nucleotide-Exchange Factor 
GFP  Green Fluorescent Protein 
GSC  Germline Stem Cells 
GTP  Guanosine TriPhosphate 
H3K9me2 Histone H3 lysine9 dimethylation  
H4K16 Histone H4 Lysine 16 
H4K20me1 Histone H4 lysine 20 methylation  
Hi-C   HIgh-throughput-Chromosome-Conformation-Capture 
Hrs  Hours 
IMA 1-3  IMportin subunit Alpha 1-3  
IPTG  Isopropyl β-D-1-thiogalactopyranoside 
IRIC  Institute for Research in immunology and Cancerology 
Kb  kilo bases kb 
MAPs   microtubule associated proteins 
Mbp  Mega base pair  
Mbp/μm3 Mega base pair per micron cube
MBT  MidBlastula Transition  
xvi 
mg/ml  milligram per milliliter 
ml  milliliters 
NA  Numerical Apperture 
NEBD  Nuclear Envelop BreakDown 
NGM  Nematode Growth Medium 
nm  nanometer 
Ntf-2,   Nuclear Transport Factor 2 
O/N  Over Night 
OD600 Optical Density at wavelength 600 
P  P value 
P. typica Pellioditis typica   
PBS  Phosphate Buffer Saline 
PBST  Phosphate Buffer Saline Tween 
PCR  Polymerase Chain Reaction  
PIE-1  Pharynx and Intestine in Excess 1 
PMT  PhotoMultiplier Tube 
Ran  RAs-related Nuclear protein  
RCC1  Regulator of Chromosome Condensation 
RNAi  RiboNucleic Acid Interference 
RT  Room Temperature 
S-phase cell cycle replication phase  
SAXS   Small Angle X-ray Scattering
sfGFP  SuperFolded Green Fluorescent Protein 
xvii 
SIM   Structured Illumination Microscopy 
siRNA  small interfering RiboNucleic Acid 
SMC  Structural Maintenance of Chromosome 
TAD  Topologically Associated Domains 
Top-2  Topoisomerase 2 
TopoII  Topoisomerase II   
WT  Wild Type 
X. laevis  Xenopus laevis   
µg/ml  micrograms per milliliter 
μm  micron 
μm2  micron square 
 1 
Chapter 1. INTRODUCTION
1.1.  Chromosome condensation 
1.1.1. Chromatin structure 
1.1.1.1. The chromatin fiber and the nucleosome based model for chromosome organization (or 
hierarchical helical folding) 
In order to package DNA into the confine of the cell’s nucleus, chromatin must compact 
several fold. It is thought that such compaction occurs over several levels of organization. 
The first one is the wrapping of DNA around an octameric arrangement of 4 histones 
(2xH2B-H2A dimer, 1xH3-H4 tetramer). This level of organization is probably the most 
described and understood as high-resolution crystal structures are available 2. Canonical 
nucleosomes wrap 147 base pair (bp) around the histone core and nucleosomes are spaced by 
linker DNA (20-100 bp) where the 5th histone (H1) can bind, forming a chromatin fiber (first 
model described by 3). The linear array of nucleosomes visualized by electron microscopy 
appears as beads-on-a-string, thus constituting an 11 nanometer (nm) chromatin fiber 4 
(Figure 1.1). Past the 11 nm fiber, the exact folding of the chromatin remains controversial. 
Multiple evidences of the 11 nm fiber folding into a 30 nm fiber have been describe using 
different techniques and samples. The 30 nm fiber was first observed by Finch and Klug in 
the mid 70’s in chromatin extracted from mammalian cells and imaged by electron 
microscopy (EM) 5. They were also the first ones to propose the solenoidal folding of the 11 
nm fiber where the linker DNA’s bending arranges nucleosomes in a helical organization. 
This arrangement was also described for mitotic chromosomes by EM 6. An alternative 
model suggests the nucleosome fiber folds in a 2-start zig-zag as the linker DNA does not 
 2 
bend but is rather straight and neighboring nucleosomes do not stack on-top of each other but 
are arranged in a ribbon 7. However, the very existence of this 30 nm fiber chromatin 
organization is debated, as cryo-EM and SAXS (Small Angle X-ray Scattering) analysis 
revealed that the periodic structure provided by a 30 nm fiber might be in fact an artifact 
from ribosome aggregate contamination rather than organized nucleosomes 8,9.  Early 
evidence from EM experiments suggested that the 30 nm fiber next follows a hierarchical 
helical folding. This model proposes the chromatin fiber progressively folds from a 30 nm 
fiber to a 100, 200 or 300 nm fiber 10-12 (Figure 1.1 A). However, evidence for the 
hierarchical folding are limited and the alternative radial loop model seems more probable 
(description follows). 
 
 
 3 
 
Figure 1.1 Classical models for mitotic chromosome assembly. In both 
models, the nucleosomes wrap 1.7 turns of DNA and assemble to form the 11 
nm fiber, also known as beads-on-a-string. Although highly debated, some 
studies suggest the 11 nm fibers subsequently folds into a 30 nm fiber. A) The 
hierarchical model stipulates the 30 nm folds into successive higher-order 
structures of 100 to 700 nm fibers. B) The radial loop scaffold model is based 
on the presence of a scaffold (protein and/or DNA) on which loops are 
anchored and radially emerge. Adapted from 13. 
 
1.1.1.2. The scaffold base model for chromosome organization (or the radial loop model) 
The first experiments addressing the physical and structural basis of the higher-order 
structure of mitotic chromosomes past the nucleosome fiber were performed in the late 70’s, 
early 80’s by Laemmli and colleagues. Those discoveries are still at the heart of our more 
recent model for mitotic chromosome assembly, although with some modifications. Still 
today, the major problem scientists are facing when studying chromatin structure inside the 
chromosomes is the lack of tools allowing the visualization past the chromatin fiber. Even 
the highest resolution obtained by whole-mount electron microscopy will limit analysis past 
11 nm fiber 30 nm fiber Hierarchical 
folding model
A
Radial loop scaffold 
model
11 nm fiber 30 nm fiber
B
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the nucleosome fiber as the chromosomes are seen as a mesh of interconnected chromatin 
fibers. At the time when Laemmli and colleagues performed their experiments, information 
on histone-DNA interactions was growing fast and the concept that non-histone proteins 
might, as well, play a role in chromosome assembly was emerging. They reasoned the 
higher-order structure of the mitotic chromosome would reside in the interaction provided by 
the non-histone proteins. To overcome the technical difficulty of chromosome visualization, 
they developed a biochemical method based on their hypothesis that non-histone proteins 
may play a major role in chromosome assembly. They used their knowledge of histone-DNA 
interactions to develop a buffer which would deplete histones from isolated metaphase HeLa 
cells chromosomes without affecting the non-histone proteins14. This preparation allowed for 
spreading of mitotic chromosomes followed by visualization by electron microscopy. They 
observed a dark, central axis surrounded by a halo of DNA. A close-up revealed that the axis, 
since then termed the scaffold, has a very similar shape to an intact chromosome and is 
reminiscent of the 2 sister chromatids attached at their centromere (Figure 1.2 A). Emanating 
from the central scaffold are loops of DNA varying in size on a small scale from 10-30 μm 
(30-90 kb) (Figure 1.2 A). To uncover the scaffold proteins identity and prove their role in 
the structural maintenance of the chromosomes, they sought to isolate and visualize the 
protein scaffold. To do so, they used the same technique as described previously but isolated 
chromosomes were then treated by DNAseI 15,16. In those conditions, they observed the 
chromosomes retain key features like residual kinetochores and the axial element 
(resembling the sister chromatids). Overall, this experiment suggests the sister chromatids are 
protected from digestion by the scaffold proteins and thus maintain the chromosomal 
structure. This work forms the basis of the scaffold model which suggests the chromosome 
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structure is given by a non-histone protein axis which serves as a scaffold from where the 
DNA organizes into radial, closed loops of sizes varying from 50-100 kb 17 (Figure 1.1 B).  
 
Those experiments did prove that somehow each sister chromatid retained its shape 
through molecular interactions at its heart. However, the exact nature of those molecular 
interactions cannot be easily determined by the previous set of experiments. Although the 
authors strongly suggest the scaffold to be protein-fiber like, alternate hypotheses can be 
proposed. One such hypothesis is the scaffold at the base of the loops is not protein fiber-like 
but rather is made by DNA crosslinking itself. Micromechanical treatments of fully 
condensed chromosomes have been useful in understanding the physical properties of mitotic 
chromosomes. Marko and colleagues used micromanipulation and aspiration of isolated 
chromosomes to assess their elastic response providing information on their physical 
properties18. Briefly, isolated chromosomes are held together by 2 micropipettes one of which 
is calibrated. The other micropipette is moved and the force needed to bend the calibrated 
micropipette is estimated by observing the micropipette’s bending. Treatments of the 
elongated chromosome with micrococcal nuclease reduced the force supported by the 
chromosome to nearly zero without however modifying the gross chromosome morphology. 
Over a longer period of time, chromosomes thin out into fiber and finally dissolve. This 
experiment suggests the mitotic chromosome is held through a chromatin network rather than 
a continuous protein-fiber like scaffold. Furthermore, treatments with restriction enzymes 
with different cut frequency showed that DNA links are made every ≈ 15 kb 19.  
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Figure 1.2. The chromosome scaffold as seen by Laemmli and colleagues. 
A) Electron micrographs of histone-depleted metaphase chromosome from 
HeLa cells showing the DNA is attached to the scaffold in loops. (Original 
Figure legend from 17). B) A central continuous DNA scaffold organized by 
the Condensin complex) assembles mitotic chromosomes. Adapted from 17,20.  
 
The DNA links at the base of the radial loops must be a result of a topological change in 
the chromatin structure. Topoisomerase II (TopoII) enzymatic activity consists of cutting 
both DNA strands, passing another DNA duplex through the cut and finally ligating the 
DNA. This function of TopoII is thought to be essential for relieving DNA entanglements 
after replication allowing for anaphase segregation of each duplicated chromosomes 
(discussed in more detail in section 1.2.2.2) 21. This enzymatic activity of TopoII seems 
appropriate for changing any topological links and might relieve any DNA entanglements 
present at the base of the loops. Marko and colleagues proceeded to do the same 
micromanipulation experiments but this time adding purified TopoII to the elongated 
chromosome. This resulted in a mean decrease of 35% of the initial spring constant of the 
treated chromosomes. Therefore, TopoII enzymatic activity can relax mitotic chromosomes 
by relieving any topological constrains present at the base of the DNA loops 22.  
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Although there is clear evidence of the presence of a scaffold formed by a chromatin 
network regulating the mitotic chromosome structure, the exact nature of the scaffold is still 
unknown. One would expect that some protein-DNA interactions occur at the base of the 
loops, establishing or maintaining the loops. In fact, mitotic chromosomes treated with 
proteinase (K or trypsin) did become thinner but chromosomes never completely dissolved 
contrary to DNAse treatments 20,23,24. This result suggests that the main link at the scaffold is 
provided by DNA-DNA interactions but involves some protein linkers. One such potential 
protein is the SMC (Structural maintenance of chromosome) complex (discussed in details in 
section 1.2.2.1). Overall, those micromanipulation experiments favor a model where 
chromosomes are held together at their central axis through a continuous DNA scaffold 
organized by SMC proteins (Figure 1.2).  
 
1.1.1.3. Alternative or new models of mitotic chromosome structure 
Classic biochemistry, fluorescence light microscopy, EM and mechanical experiments 
have yielded significant advances in our knowledge of mitotic chromosome assembly, 
however are limited by technical problems (e.g. in vitro analysis and the resolution limit light 
microscopy in living cells). Fortunately, new genomic techniques have emerged that allow 
large scale, in vivo analysis at < 100 kilo bases (kb) resolution of chromatin interaction 25.  
These new advances have revealed unpredicted spatial interaction of chromatin inside the 
nucleus but also of mitotic chromosomes. 3-C (chromosome-conformation-capture) 
technologies and its derivatives (4C (circularized-chromosome-conformation-capture), 5C 
(carbon-copy- chromosome-conformation-capture, Hi-C (high-throughput-chromosome-
conformation-capture) evaluate the frequency and probability of 2 genomic loci to physically 
associate, following chemical crosslinking. Crosslinked fragments are ligated and can then be 
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analyzed by polymerase chain reaction (PCR) (3C) or by Next-generation sequencing  (4C, 
5C and Hi-C). The Hi-C technology adds a biotin label at the ligation site allowing for 
purification of the fragments and a large-scale analysis of all the ligation fragments produced 
(vs selective PCR amplification from 3C experiments).  3C-based techniques have described 
different length-scale organization of the chromatin inside the nucleus. The first-order 
structures (mega-base scale) are compartments named A and B of active and inactive gene, 
respectively, localized in chromosomal territories (Figure 1.3) 26.  The second-order 
structures are TADs (Topologically Associated Domains) and sub-TADs and help connect 
100 kb distant intra-chromosomal loci, needed for gene regulation (Figure 1.3). TADs are 
defined by high frequency interaction of chromatin fibers by looping in order to bring distal 
regulatory elements close to a given loci 27. TADs are interspersed by barriers, which are 
regions of low frequency of interaction (Figure 1.3). 
 
Organization of genomic loci in TADs was most obvious for gene regulation 
purposes. For example, Drosophila polytene chromosomes are well characterized for having 
dense bands followed by less-dense bands, visible by light microscopy. Those bands are 
typical markers for dense, highly compacted, inactive genes and less-dense, open, active 
chromatin. Hi-C analysis of polytene chromosomes revealed, first, the presence of TADs 
with a median size of 165 kb and, second, correlated the presence of dense polytene DNA 
sequence within uninterrupted TADs, the heterochromatin. On the other hand, the boundaries 
between TADs contain less dense polytene DNA sequences and represent the euchromatin. 
Furthermore, monitoring the interaction maps at different time of the cell cycle has proven 
useful to infer function of those domains past solely gene regulation. In Bacillus subtillis 
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(B.s), it was recently showed that the origin of replication OriC of the nucleoid is located in a 
large 1.4 Mega base pair (Mbp) domain which is itself composed of multiple, intra and inter-
chromosomal arm hairpins (ranging from 100 to 350 kb loops). This important structure 
brings together specific DNA sequences in close proximity to the OriC. Overlapping Chip-
Chip experiments of ParB (similar to Centromere protein A (Cenp-A)), SMC-ScpAB 
(Condensin-like) and DNAa (regulator of origin firing) on interaction maps revealed that for 
example, SMC-ScpAB is enriched at parS sequences (centromere-like) and also brings close 
to the OriC regulators of origin firing.  Finally, cells arrested in S-phase had disorganized 
chromatin while re-starting replication allowed the structures to reappear. Those experiments 
suggest the nucleoid of B.s. organizes its genome before and after replication through 
chromatin loop folding in order to bring in close proximity regulatory elements for DNA 
replication. Finally, those contacts seemed to be regulated by Condensin-like protein 28. In 
fission yeast, the other SMC protein, the Cohesin complex, was found to be required to 
maintain the boundaries between structures called globules (small region of high interaction 
within one chromosome arm)29.  
 
 TADs and compartments were more extensively studied in interphase nuclei of 
eukaryotes and prokaryotes cells but some studies also applied the technique to determine the 
internal organization of the typical rod-shaped mitotic chromosome. Hi-C and 5C analysis of 
interphase chromatin found highly reproducible presence of TADs between early, mid G1 
and S phase 30. However, the domains disappeared in mitosis suggesting that cell-to-cell 
genomic interactions were probably highly variable in loop size, resulting in a homogenous  
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Figure 1.3. Megabase to gene scale chromatin organization. Inside the 
interphase nucleus, a single chromosome is spatially segregated to a territory, 
limiting interchromosomal interactions. Intrachromosomal interactions are 
divided into compartments A (open) and B (close chromatin). Within each 
compartment, chromatin further folds into loops of ~ 100 kb called TADs. 
TAD’s self-association into loops are limited by low-frequency interaction 
domains called barriers. Finally, within a TAD, the gene regulatory elements 
form smaller loops necessary for gene expression regulation. Adapted from 31. 
 
interaction map. However, they found a threshold of 10 Mbp that dictated two states of 
chromatin organization for mitotic chromosomes. Regions above 10 Mbp in length had poor 
probability of interaction while regions below 10 Mbp had more frequent contacts. This 
suggests that chromosomes are linearly ordered on a scale above 10 Mbp. Comparing 
polymer modeling predictions to experimental data predicts that mitotic chromosome are 
formed by an array of consecutive loops of sizes varying from 80-120 kb anchored (or not) to 
a protein scaffold. Importantly, polymer modeling rejected the hierarchical folding loops 
Chromosome 
territories
Compartements
TADs
sub-TADs
RE Gene Gene
Gene
RE RE
A B
Barriers
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model. A 2-step model was proposed from those experiments and polymer modeling; first the 
chromatin assembles into arrays of 80-120 kb loops and then linearly ordered within regions 
of 10 Mbp. Linear ordering could be explained by axial compaction of the loop’s backbone 
which could form shorter and thicker chromosomes (Figure 1.4).  
 
Figure 1.4. Linear and axial compaction model for mitotic 
chromosomes. The first order of compaction relies on chromatin looping 
and spans over 80 to 120 kb genomic regions. The second order of 
compaction is described by linear ordering of regions of 10 Mbps and 
above. Adapted from 32. 
 
1.1.2. Major drivers for mitotic chromosome assembly 
1.1.2.1. Condensin complexes 
Experiments performed by Laemmli and colleagues suggested there are 2 major 
components to the scaffold. Biochemical isolation of factors associated to chicken mitotic 
chromosome or to mitotic chromosomes assembled in Xenopus leavis (X. leavis) egg extracts 
identified TopoII 33 (discussed in following section) and Condensin as being two of them 34 35 
36. Antibody staining performed on chicken, human, or frog cultured cell chromosomes, or on 
in vitro reconstituted mitotic chromosomes confirmed the likelihood of Condensin as being 
part of the mitotic protein scaffold. Condensin is rather diffuse during interphase but 
localizes on the chromatin during prometaphase and decorates the inner part of  
 
1° linear compaction 2° axial compaction
Scale: 80-120 kb loops 10 Mbps regions
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Figure 1.5. The Condensin complexes. A) Schematic representation of the 
Condensin complexes based on the electron micrographs shown in (B) 
Electron micrograph of the human SMC2/4 heterodimer (left) and 
holocomplex (right). C) High-resolution analysis of Condensin localization on 
mitotic chromosomes on HeLa cells metaphase chromosome spreads. D) 
Chromosome spread phenotype following siRNA of HeLa cells. Adapted 
from 37 and 38. 
 
fully condensed sister chromatids 34 35. (Figure 1.5) Antibody depletion of Condensin in frog 
egg extract prevents the formation of the typical rod-shaped chromosomes and results in 
highly entangled fibers. Further studies found that Condensin in almost all multicellular 
eukaryotes exists in 2 different forms; the Condensin I and II complexes. Each complex is 
pentameric and consists of 2 ATPase domain-containing proteins (SMC2 and SMC4) and a 
distinctive set of 3 associated proteins 39 35. The core subunits are part of a larger group of 
proteins; the SMC which also include the Cohesin complex (Smc1 and Smc3) required for 
sister chromatid cohesion, the SMC5-SMC6 complex and the distant RAD50 complex 
required for DNA repair and S-phase checkpoint 40 41 42. The Condensin I (SMC2, SMC4, 
CAP-D2, CAP-G AND CAP-H) complex is conserved from yeast to humans while the 
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Condensin II (SMC2, SMC4, CAP-D3, CAP-G2 AND CAP-H2) complex is found in almost 
every eukaryote except for fungi. Finally, Condensin I complex is essential for mice’s 
embryonic viability and reflects Condensin’s critical importance as chromosome organizers 
not only in chromatin condensation but also genome stability, cell differentiation, and 
development 43.  
 
Although both complexes are present across almost all species, they seemed to share 
different requirements or activities between complexes and between species. In mammals, 
Condensin II is located in the interphase nucleus and rapidly appears on mitotic 
chromosomes during prophase and its depletion phenotype is strongest in prophase 
condensation. On the other hand, Condensin I only accesses chromosomes after NEBD 
(nuclear envelope break down) and its depletion prevents the prometaphase function of 
Condensins 37,44. Depletion of chromosome organizers and visualization of mitotic 
chromosomes by light microscopy limits the ability of one to describe phenotypes as 
chromosomes are poorly resolved by light microscopy. In mammalian cells, siRNA depletion 
of either core subunit (SMC2 or 4, therefore both complexes) leads to ‘fuzzy’ chromosomes. 
Condensin I specific depletion leads to ‘swollen” chromosomes and depletion of Condensin 
II leads to ‘curly’ chromosomes (Figure 1.5 and 37). In Xenopus cell-free extract, duplicated 
chromosomes accumulate Condensin I and II in a similar fashion to mammalian cells, but in 
a 5:1 ratio (I:II) vs a 1:1 ratio in mammalian cells 37 45. Accordingly, Condensin II depletion 
in Xenopus cell-free extract had a very mild effect and almost fully condensed chromosomes 
can be seen whereas Condensin I depletion produced ‘fuzzy’ chromosomes similar to a Cond 
I/II depletion in human cells 45. Interestingly, decreasing the level of Condensin I to an 
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equivalent amount of Condensin II (1:1), produces thicker and smaller chromosomes. 
Finally, in C. elegans, Condensin I depletion has only a very mild effect (defects in the next 
generation of animals) while Condensin II depletion prevents most chromosome compaction 
and is embryonic lethal (Figure 1.7)46,47. Altogether, these observations suggest there is a 
balance between the complexes, leading to an optimally sized and shaped chromosome in a 
given cell type. For instance, based on the phenotypic appearances of chromosomes depleted 
of either complex, it was proposed Condensin II might be required for axial shortening of 
chromosomes while Condensin I might be required for lateral compaction 45. Irrespective of 
which complex induces which type of compaction, yeast experiments focusing on Condensin 
at the centromere (where it is enriched) suggest that Condensin complexes provides axial 
compaction through chromatin looping 48. 
 
1.1.2.2. Topoisomerase II  
The most abundant protein scaffold isolated on mitotic chromosomes by Laemmli and 
colleagues was the TopoII enzyme (more information on enzymatic activity follows in the 
next section) 36. Indirect immunofluorescence and immuno-EM in chicken and human cells 
confirmed the localization of TopoII on the central axis of each sister chromatid, similar to 
what was observed for Condensin 36,49. Unpublished work from a previous member of the 
Maddox lab showed that TopoII also localizes linearly on C. elegans mitotic chromosomes. 
Supporting the idea that TopoII is indeed an important factor of chromosome assembly, it 
was found that TopoII inactivation in fission yeast impairs DNA condensation and chromatid 
disjunctions 50. Erythrocyte nuclei (low TopoII concentration) incubated in Xenopus frog 
extract depleted of TopoII cannot assemble mitotic chromosomes whereas HeLa cell nuclei 
(high TopoII concentration), in the same extract, can 51. However, further experiments in 
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Xenopus egg extracts showed that TopoII is in fact required for chromosome condensation 
but its depletion after chromosomes have formed did not affect chromosome morphology 33. 
Also, the literature suggests TopoII is not stably associated to the chromatin; TopoII can be 
extracted from mitotic chromosomes with very low salt concentration, which would not be 
expected for a structural component 33. Finally, it was found, by fluorescence recovery after 
photobleaching (FRAP) experiments that TopoII is not stably associated to the chromatin as 
it recovers fast and almost completely 52 53. Those experiments argue against a scaffolding 
role for TopoII.  
 
Alternatively to having a role as a scaffold protein, it was suggested TopoII enzymatic 
activity might be more critical, but no consensus has been met yet. Treatments of chromatin 
assembled in a Xenopus cell-free mitotic extract with the TopoII enzymatic inhibitor VM-26 
prevents condensation and the formation of the typical mitotic scaffold 54. Mammalian cells 
treated with VM-26 or ICR-193, and treated to override a Topo-II loss of function induced 
G2, actually form condensed chromosomes and are positive for a protein scaffold staining by 
TopoII antibody 55. These last experiments suggested TopoII enzymatic activity was not 
required to form mitotic chromosomes. Nevertheless, phenotypic analysis following TopoII 
depletion in human or chicken cells revealed that mitotic chromosomes are longer then 
control chromosomes suggesting an important role for axial compaction regardless of it being 
a result of a scaffold or an enzymatic activity 56,57.  
 
1.1.2.3. An interplay between TopoII and Condensin 
It is now clear that Condensin and TopoII are crucial in shaping mitotic chromosomes 
but how do they do so? Our limit in observing chromosome condensation in vivo has led 
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researchers to pursue their experiments on in vitro models, which allow precise analysis of 
DNA topology. Progression through a cell cycle from transcription, DNA replication, and 
chromosome segregation, puts strain on DNA. Effectively, many enzymes relieve topological 
stress ensuring a smooth voyage through the cell cycle. Some topological modifications 
include the introduction of positive or negative twists on the DNA (supercoiling). Others 
involve DNA relaxation by removing supercoils through breakage and relegation of DNA 
strands and are achieved by TopoII 58. Following DNA replication, sister chromatids are 
extensively intertwined and the links must be resolved for segregation to occur. TopoII can 
remove DNA catenates on inter (decatenation) or intra-chromosomal link (supercoil 
relaxation). It does so by introducing a break on a double-stranded helices and passing 
another segment of DNA58. The most well described biochemical activity of Condensin on 
DNA is the capacity to introduce a global positive writhe into DNA. This was, in part, 
proved by the capacity of the holoenzyme, in vitro, to overwind circular DNA (or introduce 
positive supercoiling) in the presence of ATP and prokaryote Topoisomerase I (relaxes 
negative supercoil) 59 60 61.  Moreover, it appears a balance between both Condensin’s 
supercoiling activity and TopoII overwind relaxation activity is required to maintain proper 
chromosome conformation in vivo 62. In fact, yeast cells depleted of TopoII showed an 
increased amount of positively super-coiled plasmid DNA, which was dependent on the 
presence of Condensin. Also, mitotic frog extract containing unreplicated chromosomes 
depleted of Condensin still form a TopoII axial structure, but adding Condensin back allows 
for the formation of mitotic chromosomes 63. Therefore, it was proposed that during mitosis, 
Condensin supercoiling activity is balanced by the relaxation activity of TopoII leading to 
fully relaxed chromatin in interphase when Condensin is inactivated 64 (Figure 1.6).  
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This supercoiling activity of Condensin leads to the formation of loops onto the DNA. 
It is reminiscent of previously proposed models that chromatin condenses into mitotic 
chromosomes through generation of loops either attached to a protein scaffold or through 
formation of a chromatin network. Interestingly, structural analysis by EM of the Condensin 
holoenzyme revealed that each SMC core subunit folds through the coiled-coil region, 
exposing a hinge domain and bringing in close proximity the Walker A and B ATPase motif 
(Figure 1.5). The core subunits associate through their hinge domain and the 3 non-SMC 
subunits adjacent to the catalytic heads, close the complex. The coiled-coil regions of both 
core subunits were seen either closed (interacting with the other core subunit coiled-coil 
region) or in an open conformation 65. This structural arrangement of the holoenzyme and 
biochemical assays lead to two different hypotheses for Condensin involvement in loop 
formation. First, it could act as a structural component of the chromosomes by entrapping 
two DNA fragments at the base of one loop. This model is based on known experimental 
evidence of DNA entrapment by the Cohesin ring which were replicated with Condensin 66. 
However, this model does not take into account the supercoiling activity of Condensin. 
Another hypothesis suggests that supercoiling activity of Condensin directly generates loops. 
The size of the loops could determine the level of compaction and therefore change the shape 
and the structural properties of the chromosome 67.  
 
The Condensin complexes and TopoII are major contributors of mitotic chromosome 
assembly. It will be of great importance to determine if they do so as chromatin linkers or as 
a chromosome remodeler. 
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Figure 1.6 Topoisomerase II and Condensin’s biochemical activity on 
chromatin. Chromosome coiling density is regulated by the balanced 
biochemical activity of Topoisomerase II and Condensin where Condensin 
induces supercoiling activity and Topoisomerase II relaxes supercoiled DNA. 
Adapted from 58,68,69 
 
1.1.2.4. Centromere-protein A (CENP-A) 
In C. elegans, another protein was shown to form a linear axis along the length of the 
mitotic chromosome and to play a major role in chromosome assembly: CENP-A 70. C 
elegans chromosomes are holocentric meaning the centromere is present along the entire 
length of each sister chromatid rather than monocentric when the centromere is restricted to 
the primary constriction of each chromosomes (Figure 1.7). Centromeres mark the location 
where the kinetochore is built on each chromosome and are defined by the presence of the 
histone H3-variant CENP-A. CENP-A assembles in octameric nucleosomes, replacing H3, 
and is incorporated into the chromatin via a non-canonical pathway outside of S phase 71. The 
genomic loci where CENP-A is incorporated vary dramatically across species ranging from a 
125 bp sequence in budding yeast to Mbp of repeated α-satellite sequences in humans. 
Accordingly, CENP-A incorporation into the chromatin is not defined by the DNA sequence 
(except for budding yeast) and CENP-A nucleosomes are thought to be the epigenetic mark 
defining the centromere72. As CENP-A is incorporated outside of the S phase, its propagation 
closed circular DNA supercoiled DNA (+)
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to newly replicated DNA is decoupled from replication. How is this epigenetic mark 
propagated trough the cell cycle is an open question and up for debate as many models were 
proposed in the past (Reviewed in 73). Even if very different, they are based on a similar idea 
that pre-existing CENP-A at the centromere primes the incorporation of new CENP-A. 
However, observations made in C. elegans challenge this idea as both meiotic oocyte and 
sperm DNA are completely stripped of their CENP-A nucleosomes and reincorporate new 
CENP-A at either the first mitotic cell cycle (sperm) or first meiotic prophase (oocyte) 74. 
Precise mapping and quantification of CENP-A’s genomic coverage in C. elegans revealed it 
is incorporated in small domains that span half the genome. It was found there is a general 
inverse relationship to CENP-A incorporation and transcription (high level of RNA 
polymerase II correlates with low CENP-A incorporation and low level of RNA polymerase 
II correlates with high CENP-A incorporation). The one exception to this pattern is the 
regulatory region of genes transcribed in the germline, which lacks CENP-A both in the 
germline and embryonic chromatin (no germline transcription in early embryos; should 
incorporate CENP-A).  During development, genes transcribed in the embryo are refractory 
to CENP-A but silent genes incorporate CENP-A (except germline genes)74. This pattern 
establishes dispersed domains of differential epigenetic states. As there are only enough 
CENP-A nucleosomes to cover 4% of the genome, each domain contains a 10:1 ratio of 
H3:CENP-A. This pattern was also confirmed by another study75. However, authors from this 
last study found that the preferred site to assemble kinetochores resides at discrete point-
centromere-like position where one CENP-A nucleosome is flanked by 2 canonical 
nucleosomes. Those point-centromeres occur outside the broad domains described 
previously. Interestingly, depletion of kinetochore proteins affects chromosome condensation 
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very mildly in C. elegans suggesting, perhaps, the broad domains and the point-centromeres 
versions of CENP-A serve different purposes, one for chromosome structure and the other 
for kinetochore assembly, respectively 70.  
 
Monocentric chromosomes from other organisms also show an organization 
reminiscent of the one described above. It is known the centromere chromatin is composed of 
blocks of CENP-A nucleosomes interspersed with block of H3 nucleosomes (centromeric 
chromatin) and is embedded between regions of heterochromatin (pericentromeric 
chromatin). This pattern of CENP-A and H3 nucleosome distribution is important for the 
structural identity of the centromeric region as, on a mitotic chromosome, the blocks are 
organized so the H3 nucleosomes face the inner chromosome and the CENP-A nucleosomes 
are located poleward, allowing for kinetochore assembly 76. Moreover, the H3 nucleosomes 
in the pericentromeric vs centromeric region have distinct epigenetic marks. For example, H3 
nucleosomes in the centromeric chromatin lack known heterochromatin marks like 
H3K9me2 which is present in pericentromeric chromatin. 77.  
 
Structurally, CENP-A nucleosomes have increased internal rigidity compared to H3 
nucleosomes that was proposed to drive self-assembly of centromeric chromatin on the outer 
face of mitotic chromosomes, excluding H3 nucleosome towards the inside of the 
chromosome 72, (Figure 1.7). Fitting with this hypothesis, in vitro reconstitution of synthetic 
arrays showed that CENP-A containing nucleosomes are more condensed then bulk 
chromatin78. In C. elegans, loss of CENP-A chromatin causes chromosomes to lose linearity 
in prophase manifesting in each chromosome pair appearing more like a ball within the 
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nucleus, consistent with the notion that CENP-A provides structural rigidity to mitotic 
chromosomes (Figure 1.7) 70,79. 
 
Figure 1.7 Mitotic chromosome organization in C. elegans. Adapted from 
70.  The unknown condensation factor appears to be TopoII from unpublished 
work. 
 
Altogether, those observations suggest CENP-A nucleosome positioning on a linear 
chromatin fiber is rather important and perhaps directs the 3D organization of the chromatin.  
However, the exact contribution of CENP-A to holocentric mitotic chromosome assembly is 
not known at the moment.  
 
1.1.2.5. Histone modifications 
Other known drivers of mitotic chromosome assembly are histone tail modifications. 
The histone N-terminal tails are flexible regions that extend outside the DNA superhelix and 
are subject to interactions with DNA or proteins from its own or neighboring nucleosomes. 
Each nucleosome is highly negatively charged and can direct nucleosome-nucleosome 
interactions. Therefore, the histone tails are necessary for secondary and tertiary structure of 
mitotic chromosomes.  
 
A B
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The most famous histone modification observed on condensed chromosome in 
mitosis is Histone H3 Serine 10 phosphorylation (H3S10P). This modification is mediated by 
the kinase Aurora B at the onset of mitosis is concomitant with the start of chromosome 
condensation 80. Although this modification is highly conserved from yeast to humans, its 
actual role in chromosome assembly remains elusive.  Chromosome condensation requires 
this modification in both Tetrahymena thermophila and in fission yeast as a S10 residue 
mutated to alanine increases segregation defects 81,82 83. In budding yeast, H3S10P was shown 
to be required for anaphase condensation of an abnormally long chromosome whereas cells 
with a WT genotype, but having a S10A mutation, do not otherwise show any phenotype 
linked to defect in chromosome condensation 80.  
 
 Another possible role for histone modifications on mitotic chromosome assembly is 
the recruitment of important condensation factors. In human cells, the mark H4K20me1 
accumulates on chromatin in mitosis as a result of the dissociation from the chromatin of its 
demethylase. It was suggested that this particular mark may recruit Condensin II in prophase 
as they both accumulate on the chromatin in parallel and Condensin II is selectively pulled-
down from an H4K20me1 IP (immunoprecipitation) 84. A very good example of how those 
two functions of histone modification are orchestrated during mitosis to form mitotic 
chromosomes was presented in a study published in Science by Wilkins and colleagues 85. 
They found that H3S10P in mitosis recruits a histone deacetylase, which removes the acetyl 
group on H4K16. Once the acetyl group is removed, the histone tail is free to interact with an 
acidic patch on H2A histone from adjacent nucleosomes and therefore promote chromosome 
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condensation. In fact, acetylation of H4K16 is known to prevent formation of compact 
chromatin fibers in vitro 86. 
 
1.2. Cell size scaling 
Cellular structures are confined within a space, which depends on the size of a given 
cell. As cells can reach a wide distribution of size any particular organelle must regulate its 
size according to cell size, a phenomenon hereafter termed scaling. In order to define the 
presence of scaling or the control of organelle size, one need to determine the nature of the 
uncontrolled situation (absence of scaling) or, in other terms, define the null hypothesis. For 
example, polymer structures assembled from monomers (filaments for example), at 
equilibrium, can have an exponential size distribution given there are no controls on the 
assembly/disassembly parameters. Scaling is defined by a distribution of length narrower 
than the null hypothesis. The length distribution of assembled filaments would depend on the 
number of filaments, the association/dissociation constant, and the quantity of monomers 
present in the cell87. Changing any of these parameters will restrict or control length. 
Therefore, for example, the mitotic spindle reaches a size that allows proper chromosome 
segregation within the space given by cell size. It was found that microtubule destabilization 
(reduced microtubule life-time) through the severing activity of a protein, Katanin, can 
regulate the length distribution of spindles assembled in Xenopus egg extract 88.  There are 
many ways that organelles can adapt their size to the size of the cells and they will be 
explored in the following paragraphs.  
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1.2.1. Model organisms to study cell size scaling 
1.2.1.1. C. elegans as a model organism 
Sydney Brenner chose the Caenorhabditis elegans (C. elegans) nematode as a genetic 
model to answer questions in developmental biology over 50 years ago. C. elegans is a small 
1 mm round worm which can live as either a self-fertilizing hermaphrodite (XX) or 
infrequently as a male when a segregation error causes the loss of one X chromosome (XO, 
1:1000). It rapidly develops from an embryo to an adult in 3 days at 25°C (Figure 1.8). C. 
elegans differentiates from a single cell to a 24 cell embryo inside the mother before being 
laid. The egg then hatches to an L1 larvae with 558 nuclei. Before hatching, the embryo 
contains the nutrients it needs and will start feeding as an L1. It further develops from the L1 
to L4 larvae stages and a young adult before becoming a reproductive adult. The particular 
advantage of using C. elegans as a model organism is its invariant development from the 
single cell embryo to adulthood; each hermaphrodite progeny as exactly 959 somatic cells. 
Any mutations causing developmental defects can rapidly be identified and likewise a myriad 
of phenotypes have been described. Coupled to the complete genome sequence, C. elegans 
has emerged as a powerful tool for both forward and reverse genetics. The most useful tool 
for any scientist working with C. elegans is its high susceptibility to RNAi-mediated protein 
depletion. Typically, worms are fed dsRNA-expressing bacteria targeting a gene of interest. 
To deplete a protein of interest in the embryo, worms are fed at the L4 stage, a time prior to 
differentiation of germline stem cells into oocytes (any egg made should be depleted of the 
protein). The level of depletion can also be modulated through time of treatment or through 
different ratio of RNAi-producing bacteria to non-producing RNAi bacteria. This has been 
very useful to study essential genes whose function would otherwise be completely abolished 
as highly deleterious phenotypes make quantitative analysis more challenging. 
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Each mitotic cell division is highly stereotypical and reproducible. The first cell 
division has been used to answer many different cell biological questions. For example, its 
progression through mitosis is very well described and has been used to understand basic 
molecular biology of the cytoskeleton and chromosome assembly  (Figure 1.8). Also, the 
high efficiency of RNAi depletion in the gonad produces embryos with reproducible protein 
depletion often greater than 95%. Altogether, C. elegans’s first cell division is a very 
powerful tool to study cell division. (Adapted from Wormbook.org)    
 
Figure 1.8 C. elegans’s life cycle and first mitotic division. A) The C. 
elegans hermaphrodite life cycle at 22°C. Time 0 is fertilization. The 
hermaphrodite gonad is depicted inside the worm. The reproductive system 
contains 2 gonad arms each producing the germline stem cells (GSC), which 
are contained in a syncytium. GSCs differentiate from a mitotic to meiotic 
state as they progress from distal to proximal along the gonad axis. The 
oocytes are arrested at meiosis prophase I and will resume meiotic division 
following fertilization through the spermetheca. B) The first mitotic division 
is characterized by sperm fertilization of the oocyte and completion of female 
meiosis, DNA replication, pronuclear migration of the female pronucleus to 
the male pronucleus and start of chromosome condensation (prophase), then 
follows NEBD, chromosome congression, and alignment at the metaphase 
plate and anaphase chromosome segregation. 
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1.2.1.2. Cell and nuclear size scaling by Conklin 
In the late 19th-early 20th century, Conklin performed a series of experiments that 
would set the ground for how we understand and study cell size scaling. He used embryos 
from the sea snail Crepidula plana (C. plana) as a model organism as the embryos go 
through consecutive cell division without growing, resulting in smaller and smaller cells. 
Moreover, C. plana as a spiralian embryonic development meaning starting at the 4 cell 
stage, the division of the big macromere cells gives rise to smaller micromeres cells (Figure 
1.9).  He observed that structures like the nucleus, the mitotic spindle, and the chromosomes, 
adjust their size according to cell size (Figure 1.9). Next, Conklin experimentally changed the 
amount of cytoplasm inherited by each blastomere during cleavage.  Centrifugation of the 
embryos separates the cytoplasm from the yolk, which are unequally distributed during the 
following mitoses. He found that the amount of cytoplasm inherited by each cell sets 
organelle size like the nucleus (Figure 1.9). Those experiments provided the first evidence 
that the amount of cytoplasm, rather than the physical boundary of the cell, sets the size of 
the organelles. For nearly a century, the following question of how the cytoplasm can set the 
size of an organelle remained unanswered. Those fundamental questions are just being 
revisited. As first develop by Conklin, the early embryonic development of diverse animal 
remains a model of choice for studying cell size scaling. Therefore, recent studies will often 
use either the embryonic development of popular model organism like C. elegans or X. 
laevis. Those models are ideal to identify basic cell size regulation of organelle size. 
However, those cells are mainly un- or poorly differentiated, rather big, and transcriptionally 
silent all of which do not reflect most cell types found in an animal. Last, those models are 
great to identify cell autonomous mechanisms but will give little insight on any external 
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mechanism.  New models or approaches are required to study cell size scaling in more 
representative cell types. 
Figure 1.9 Cell size and nuclear size by Edwin G. Conklin (1912). A) 
Successive stages in the development of the egg of C. plana, showing the 
maximum sizes of the nuclei of the macromeres.  B) Fig. 7 2-cell stage of C. 
plana. The nuclei just before the second cleavage are 24p in diameter. Fig. 8 
12-cell stage of C. plana. The nuclei in the first quartet of micromeres, la-ld, 
three of which are dividing, are 14p in diameter at their maximum size. Fig. 9 
Chromosomcs from four different spindles of the second cleavage, all in the 
metaphase and all magnified ZOO0 diameters. Fig. 10 Chromosomes from 
four different spindles of the cells la-ld, all in the metaphase and all magnified 
2000 diameters. C) Fig. 14 From the same experiment as the preceding (Fig. 
13 Centrifuged five hours (2000 revolutions per minute) during the first 
cleavage; fixed at once; structure similar to preceding.). Size of nuclei is 
proportional to the quantity of clear (granular) cytoplasm; yolk and oily or 
watery constituents of the cytoplasm do not influence nuclear size. Figure and 
integral Figure description from 89. 
 
1.2.2. The Limiting Component Model 
The first and most intuitive way to regulate the size of a structure is to control the 
number of building blocks available.  Depending on the dynamics of the structure, two 
different scenarios can occur. First, if the structure is in equilibrium, meaning it constantly 
A B
C
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assembles/disassembles, it is expected to have an exponential length distribution. However, if 
the structure is of fixed size and subunits are assembled irreversibly, the starting amount of 
material defines the final organelle length. It is also important to remember there is a balance 
between the starting material, the number of organelles, and the final size of the organelle. At 
equal concentrations, the amount of cytoplasm (or cell size) regulates the final size of a 
structure, as smaller cells have less subunits than larger cells. The rate of assembly of any 
structure is determined by the cytoplasmic concentration. Therefore, as the structure grows 
the cytoplasmic pool is depleted and the rate of assembly decreases 90. This model could be 
compared to the null hypothesis, as the starting amount defines the finite size of the 
organelle. However, in theory a cell should be able to constantly make more precursors 
suggesting there is an actual control to the amount provided in each cell. The limiting 
component model seems rather convenient for a cell as there is no need for the cell to 
actually measure cell size or organelle size90. This model describes how the size of mitotic 
structures like centrosome and spindle is regulated during early C. elegans or X. laevis 
embryonic development, respectively91.  
1.2.3. Molecular ruler 
A molecular ruler is described by the presence of a protein of a fixed size, which 
controls the size of the organelle. Other components can further assemble around this ruler. 
Examples of molecular rulers are mostly found in bacteria and viruses 87. To date, there is 
only one example in animal cells, where subunits of the dynein complex regulate the size of 
cilia and flagella. It acts as a perfect ruler because protein sequence modification doubling 
the length of dynein doubles the spacing between axonemes 92. However, this method of 
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regulating structural size is not flexible as it depends on the primary sequence of a protein. 
Any adjustments need to be made at the amino acid sequence level. 
1.2.4. Assembly/disassembly rate 
Length dependent assembly/disassembly rate is an additional way of controlling 
structural length. The microtubule Kinesin-8 motor protein is one such example of size 
control through a length dependent disassembly rate. In yeast, Kip3p binds microtubules and 
walk towards the plus end where it pauses. It will only leave the plus end when another 
Kip3p protein reaches it. In the process, it disassembles one or two tubulin dimers. Therefore, 
smaller microtubules have a reduced flux of kinesin-8 and reduced disassembly rate. This 
mechanism of action of the kinesin-8 gives time for smaller microtubules to grow while 
longer microtubules disassemble faster93.   
1.2.5. Molecular gradients 
Lastly, molecular gradient emanating from any structure can also regulate size. 
Molecular gradients are an interesting way of controlling size as, compared to a limiting 
component model, it could be used to measure actual length through the regulatory protein’s 
diffusion. A typical molecular gradient found in cells is the Ran-GTP gradient originating 
from the mitotic chromosomes during mitosis. Ran cycles from a GTP to a GDP bound form. 
As its GEF (guanine exchange factor) is only found associated to the chromosome and its 
GAP (GTPase activating protein) is only found in the cytoplasm, a gradient of Ran-GTP to 
Ran-GDP surrounds the mitotic chromosome. This gradient regulates cargo release following 
nuclear import. The mitotic spindle forms around this gradient as a result of cargo release 
only in the presence of Ran-GTP close to the chromatin. This gradient of Ran-GTP spatially 
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defines the activity of microtubule regulator (MAPs or microtubule associated proteins) and 
can regulate mitotic spindle length through differential release of MAPs. 
 
1.3. Chromosome size scaling 
As was described in previous sections, very little known on how chromosomes 
assemble in mitosis to ensure proper DNA segregation and generation of two genetically 
identical sister cells. One major limitation of studying chromosome assembly is the 
availability of appropriate tools. We think one way to override this problem would be to find 
a system where we can visualize different state of chromosome condensation. We have 
developed a model system by looking at chromosome size scaling during early embryonic 
development in C. elegans. The first 4 divisions produce differentially sized cells and 
chromosomes (described in Chapter 2). We hypothesize that this change in chromosome 
condensation could be: 1) an outcome of a cellular size control and/or 2) a programmed 
developmental change. The first hypothesis of a cell autonomous regulated mechanism was 
tested in the second Chapter by using tools that allowed us to uncouple, cell, nuclear and 
chromosome size. Previous studies showed that nuclear import was critical in regulating 
nuclear size. We performed a small targeted screen and identified the Ran-GTP gradient as a 
crucial regulator of nuclear size. Importantly, modifying the Ran-GTP gradient not only 
changed nuclear size but also modified chromosome size scaling. We found that both cell 
and nuclear size are important in setting chromosome size. The second hypothesis was tested 
using a C. elegans strain with one chromosome longer than any wild-type chromosome, 
resulting from a X/autosomeV end-to-end chromosome fusion and assuming it would be 
sensitive to any defect in chromosome condensation or segregation. We depleted known 
chromatin modifying enzymes and successfully identified genes that increased embryonic 
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lethality in the fusion strain compared to a WT strain. This strategy allowed us to identify 
both CENP-A and Topisomerase II as crucial chromosome size regulators during C. elegans 
early embryonic development. Last, we identified new model organism to test our model of 
chromosome size scaling in Chapter 4.   
Our strategy allowed us to quantify changes in chromosome compaction and identify 
potential regulators of chromosome size. Further studies will help refine our findings and 
determine whether chromosome compaction over the different length scale during 
organismal development occurs similarly as what we described in early embryonic divisions 
(Chapter 5). 
 
Ladouceur A-M, Dorn JF, and Maddox PS (2015). Mitotic chromosome length 
scales in response to both cell and nuclear size. The Journal of Cell biology; 209:645–51. 
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Chapter 2. MITOTIC CHROMOSOME LENGTH SCALES IN RESPONSE TO 
BOTH CELL AND NUCLEAR SIZE 
2.1. Introduction  
 During metazoan development, embryonic cells decrease in size by up to two 
orders of magnitude (from 1.2 mm to 12 μm in X. laevis) as a consequence of multiple rounds 
of cell division without growth of the embryo. Using X. laevis or C. elegans embryos as 
model organisms, it has been shown that mitotic structures, including mitotic spindle length, 
centrosome size and nuclear size, all scale with cell size 1,88,94-96.  
 
 The study of mitotic chromosome scaling has received less attention even 
though the phenomenon was first reported over 100 years ago 89,97-100. The size of an 
organism’s genome remains constant in all diploid cells in spite of dramatic and rapid 
changes in cell size during embryonic development. The maximum length of condensed 
mitotic chromosomes cannot exceed half of the spindle length100. Thus, mitotic chromosomes 
scale in size in response to decreasing cell size.   
 
Studies in Xenopus have shown that chromosomes reduce in size as the embryo 
progresses through development. Nuclei isolated from small cells of older embryos incubated 
in mitotic arrested egg extract (derived from large cells) condensed their chromosomes to 
lengths predicted for smaller cells, meaning that the cytoplasm did not dictate chromosome 
size.  Furthermore, allowing small cell derived nuclei to expand to levels found in large cells 
(in large cell extract) resulted again in short chromosomes.  However, when G2 nuclei were 
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subjected to an entire cell cycle in large cell egg-extract, the resulting size of mitotic 
chromosomes matched those of larger cells. Therefore, it was concluded the nuclear volume 
had no apparent effect on chromosome size scaling 98. Chromosome length measured in 
fixed, flattened C. elegans embryos indicated that artificial reduction in nuclear size (through 
disruption of nuclear import/export trafficking) reduced chromosome size 97. In addition, 
interphase X. laevis nuclei incubated in egg extract and prevented from expanding by 
inhibiting nuclear import resulted in smaller chromosomes. In sum, studies on chromosome 
length scaling have not reached a consensus.   
 
To investigate the seemingly disparate results found in C. elegans and Xenopus, we 
developed a quantitative live-cell assay of C. elegans embryos that allowed us to evaluate 
cell, nuclear, and chromosome size. The C. elegans embryo has a relatively low diploid 
number (12) and homogeneous chromosome size (varying by less than 50% in genomic 
length) providing an excellent system to study chromosome size scaling in vivo.  We have 
correlated cell, nuclear, and chromosome size in measurements derived from intact embryos 
allowing statistical analysis of this process. RNAi based depletion to independently alter cell 
or nuclei size in order to decouple developmental program from normal scaling showed that 
chromosome size scales to cell size as well as nuclear size. We found that depletion of 
proteins required for establishing the RAN-GTP gradient decoupled cell size from 
chromosome size, however the relation between nuclear size and chromosome length was to 
some extent maintained.  In sum, our results show that chromosome size scales via a 
predictable, nuclear trafficking based, mechanism in early development.  
 
 34 
2.2. Results and discussion 
2.2.1. Chromosome length regulation during the first 4 divisions of C. elegans embryos
   
Figure 2.1 Chromosome length scales to cell size during early C. elegans 
embryogenesis. A) Representative still images of time-lapse movies from 
TH32 embryos at the 1 to 16-cell cell stage. Insets are enlargement of the 
nucleus in prometaphase. Scale bar = 5 μm. B) Prometaphase chromosome 
length measurements at different developmental stages (marks) and in 
correlation to cell size (up to 30 μm in diameter, linear regression). n = 354 
 
Previous work has not comprehensively analyzed chromosome length scaling relative 
to cell and nuclear size. To accomplish this goal, we used high-resolution time-lapse 
microscopy to image mitotic divisions in C. elegans 1 to 16-cell cells stage embryos 
expressing H2B-GFP and γ tubulin-GFP (strain TH32, see methods). We measured embryo 
diameter, nuclear size, and chromosome lengths in 3D rendered images (Figure 2.1A and see 
methods for details) in which we could resolve at least 2 chromosomes clearly. 
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Chromosomes in cells after the 16-cell stage were difficult to resolve, precluding accurate 
analysis at this time. Our previous analysis showed that chromosome condensation in C. 
elegans completes to greater than 90% about 30 seconds prior to nuclear envelope breakdown 
(NEBD), therefore we measured chromosome length at that time70. Altogether, this analysis 
confirmed that condensed chromosomes are shorter in the smaller cells of more developed 
embryos (Figure 2.1B). 
 
 
Table 2.1. One-way ANOVA comparing developmental stage for each RNAi 
condition or all RNAi conditions at each developmental stage. 
  Condition ANOVA Significance 
Co
nd
iti
on
 Control RNAi * 
ima-3 RNAi * 
rcc1 RNAi * 
De
ve
lop
em
en
tal
 
sta
ge
 
1 cell stage * 
2 Cell stage * 
4 Cell stage * 
8 Cell stage * 
16 Cell stage * 
One-way ANOVA comparing chromosome length differences measured in 
Control, IMA-3 and RCC1 RNAi at all developmental stages.  Upper box 
shows the ANOVA significance for comparisons of chromosome length 
differences between all developmental stages from 1 to 16 cells for each 
condition. Lower box shows the ANOVA significance for comparisons of 
chromosome length differences between all RNAi conditions for each 
developmental stage from 1 to 16 cell stage. Using the Bonferroni correction 
gives a significance threshold of 0.01. All ANOVA’s p-value < 0.0001. 
Control RNAi n = 354 chromosomes, IMA-3 RNAi n = 287 chromosomes, 
RCC1 RNAi n = 207 chromosomes. 
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Table 2.2. t-Test statistical significance of chromosome length differences comparing all 
developmental stages for each RNAi condition. 
Developemental 
stage 
Control RNAi ima-3 RNAi rcc1 RNAi 
  1 cell vs. 2 cell ns ns * 
  1 cell vs. 4 cell ns * * 
  1 cell vs. 8 cell * * * 
  1 cell vs. 16 cell * * * 
  2 cell vs. 4 cell ns ns ns 
  2 cell vs. 16 cell * * * 
  2 cell vs. 16 cell * * ns 
  4 cell vs. 8 cell * ns ns 
  4 cell vs. 16 cell * * ns 
  8 cell vs. 16 cell ns * ns 
The multiple comparisons Student’s t-test was corrected using the Bonferroni 
correction. * P ≤ 0.05, ns not significant.  
 
Our analysis revealed that chromosome size differences between the 1 to 4-cell stages 
were not significant whereas differences later in development were (Control Bonferroni's 
multiple comparisons test Table 2.2., following the One-Way ANOVA, Table 2.1.). We 
interpret the lack of significant difference early in development as indication of a plateau or 
upper limit to chromosome size (discussed in more detail below). A similar concept has been 
applied to infer upper limits of both spindle and chromosome length during Xenopus early 
embryonic development 96,98.   
 
Starting after the plateau effect (i.e. cells smaller than 30 μm, ~ 4-cell stage and older 
in controls) a linear regression of chromosome length over cell size (y = ax + b) allowed 
defining correlation parameters. Specifically, the slope ‘a’ of the linear regression represents 
the reduction in chromosome length for each 1 μm reduction in cell size. The intercept ’b’ 
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represents the chromosome length at a theoretical cell size of 0 μm and thus represents the 
theoretical minimal chromosome length. Applying this rule revealed that, in early C. elegans 
embryos, chromosome length is reduced predictably by 51.5 ± 10 nm per 1 μm reduction in 
cell size. At a theoretical cell size of 0 μm, chromosome length would be 2.06 ± 0.22 μm 
(Table 2.3.). We will use those parameters to determine how different perturbations affect 
chromosome length regulation. 
2.2.1. In early embryos chromosomes shorten in response to decreasing cell size 
To determine if we can artificially generate chromosome scaling anomalies as noted 
above, we sought to decouple cell size and developmental stage by changing the overall size 
of the embryo. We successfully reduced embryo size by depleting an Importin α protein, 
IMA-3 (Figure 2.2., 2.5.) 101. Partial depletion (24 hours) of IMA-3 resulted in smaller 
embryos while maintaining chromosome condensation, whereas longer depletion (48 hours) 
resulted in pleiotropic effects including loss of chromosome condensation (Figure 2.2A, 
Figure 2.5.). The developmental program of the IMA-3 partial depleted embryos was not 
altered as evidenced by the proper nuclear localization of a PIE-1::GFP protein (a germline 
transcription factor) and proper cell polarity at the 4-cell stage (Figure 2.5.) 102.  
 
When comparing chromosome length, and cell size for each developmental stage, our 
analysis confirmed an early plateau in smaller IMA-3 depleted embryos (Table 2.2.). The 
plateau in IMA-3 depleted embryos spanned only the 1-2 cell embryo stage instead of 1-4 
cell stage seen in controls. As predicted from a cell size based regulatory mechanism, the rate 
of chromosome length scaling in relation to cell size after depletion of IMA-3 was not 
statistically different than in control embryos (53 ± 7 nm per 1μm reduction of cell size, 
 38 
Table 2.3., Figure 2.2.). The minimal chromosome size (y intercept), a measure that is cell 
size and not developmental stage based, was also not statistically different from controls 
(Table 2.3.). In sum, these results are in agreement with a cell size based mechanism 
regulating chromosome length and not a developmental switch hypothesis.  
 
Table 2.3. Correlation between cell size, nuclei size and chromosome length in Control, 
IMA-3, RCC1 and NTF-2 depleted embryos. 
Ce
ll d
iam
ete
r v
s 
ch
ro
mo
so
me
 
len
gth
 (μ
m)
 Condition  Slope pValue Intercept 
Control (333) 0.052 +/- 0.01 4,11E-07 2.056 +/- 0.251 
ima-3 RNAi 
(285) 
0.053 +/- 0.007 1,38E-11 1.79 +/-0.144 
rcc1 RNAi (185) 0.019 +/- 0.012 0,1016 1.857 +/- 0.245 
Nu
cle
ar
 
dia
me
ter
 vs
 
ch
ro
mo
so
me
 
len
gth
 (μ
m)
 Condition  Slope pValue Intercept 
Control (316) 0.130 +/- 0.033 0,00011151 2.182 +/- 0.252 
ima-3 RNAi 
(272) 
0.210+/- 0.026 4,28E-14 1.387 +/- 0.179 
rcc1 RNAi (165) 0.120 +/- 0.036 0,0010262 1.436 +/- 0.264 
Ce
ll d
iam
ete
r v
s 
nu
cle
ar
 
dia
me
ter
 (μ
m)
 Condition  Slope pValue Intercept 
Control (64) 0.239 +/- 0.022 2,62E-15 2.334 +/- 0.477 
ima-3 RNAi (70) 0.249 +/- 0.016 7,13E-24 1.965+/- 0.291 
rcc1 RNAi (21) 0.199 +/- 0.046    0,00056384 2.861 +/-0.954  
Ce
ll v
olu
me
 vs
 
nu
cle
ar
 vo
lum
e 
(μ
m3
) 
  Slope pValue Intercept 
Control (37) 0.009688 +/- 0.0009577 6,25E-12 183.55 +/- 13.85 
rcc1 RNAi (23) 0.0053036 +/- 0.0020787 0,0186 105.63 +/- 
27.965 
ntf-2 RNAi (27)  0.002163 +/-  0.001139 0,0693 120.4 ± 13.22 
Bold indicates statistically different from control. 
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Figure 2.2 Chromosome length scales to cell size not developmental 
program. A) Representative still images of time-lapse movies from TH32 
after RNAi depletion at the 2-cell stage. Shown is the outline of the embryo 
and size of the depicted embryo, black control, green IMA-3 RNAi and purple 
RCC1. Control overlaid on ima-3 to illustrate differences in size. Scale bar = 5 
μm. B) Chromosome length correlated to cell size in Control, IMA-3 and 
RCC1 depleted embryos. C) Graph representing the linear regression of cell 
size vs chromosome length. The shadows represent the 95% confidence 
interval. In B, Controls measurements are duplicated from Figure 1 in order to 
compare the other conditions. IMA-3 RNAi n = 287, RCC1 RNAi n = 207. 
 
 
2.2.2. Cell size and nuclear size independently regulate chromosome length scaling  
We next examined the possibility that chromosome size scales through nuclear size. It 
was previously shown in Xenopus embryos that nuclei scaled to cell size through limited 
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nuclear import of structural components 95. Specifically, increasing the available cytoplasmic 
fraction of importin-α correlated with increased nuclear size. To test the impact of nuclear 
import on nuclear size in C. elegans, we correlated cell to nuclear size in the IMA-3 depleted 
embryos. We found that in addition to having smaller than normal cells, the nuclei were 
proportionally smaller (Figure 2.5., Table 2.3.). Therefore, as we observed for chromosome 
size regulation, nuclei were appropriately sized for the corresponding cell size in IMA-3 
depleted embryos. These data raise the hypothesis that chromosome size scales to nuclear 
size, which in turn scales to cell size. 
 
We depleted other known regulators of nuclear import and looked for a specific effect 
on nuclear rather then cell size. We found that partial depletion of the RAN guanine 
exchange factor (GEF, activator) RCC1 (RAN-3 in C. elegans, hereafter termed RCC1) fit 
these criteria (Figure 2.2.). In RCC1 depleted embryos, the nuclear size was smaller than 
predicted based on both control and IMA-3 depleted embryos (Figure 2.5., Table 2.3.).  
 
Visual inspection revealed that chromosome length was dramatically reduced after 
RCC1 depletion (Figure 2.2., Figure 2.3), an observation confirmed by 3D measurement. 
Linear regression analysis of chromosome length to cell size in RCC1 depleted embryos 
revealed a distinct correlation with cell size compared to controls (Figure 2.2.).  Specifically, 
chromosome length reduced in relation to cell size with a lower magnitude (19 ± 12 nm/μm) 
in RCC1 depleted embryos compared to controls (52 +/- 10 nm/μm, Table 2.3.). 
Interestingly, the minimal predicted chromosome size at a cell size of 0 μm was 
indistinguishable from controls.  
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Figure 2.3 When uncoupling nuclear to cell size, chromosome length 
scales to nuclear size. A) Representative still images from time-lapse movies 
of nuclei from TH32 embryos after RNAi depletion of Control, IMA-3 and 
RCC1 at the 1 to 16-cell cells stage. Scale bar = 5 μm. B) Chromosome length 
correlated to nuclear size in Control, IMA-3 and RCC1. C) Graph representing 
the linear regression of nuclear size vs chromosome length. The shadows 
represent the 95% confidence interval. D) Representative still images from 
time-lapse movies of TH32 at the 8-cell stage from -320 sec to NEBD. Scale 
bar = 5 μm. E) Kinetic plot of the condensation parameter. (for more details 
on the assay see method and refer to (Maddox et al., 2006)). Control N=39 
IMA-3 RNAi N=45 and RCC1 RNAi N=29. Images are 40 sec intervals.  
 
To test the hypothesis that nuclear and chromosome size could be co-regulated, we 
correlated chromosome length to nuclear size rather than cell size in control, RCC1 depleted 
embryos and IMA-3 depleted embryos (Figure 2.3.). In RCC1 depleted embryos, the constant 
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value of chromosome length reduction in relation to nuclear size was indistinguishable to the 
control condition (130 ± 33 nm in control vs 120 ± 36 nm in RCC1 RNAi Table 2.3.). On the 
other hand, in IMA-3 depleted embryos the constant of chromosome length reduction to 
nuclear size was significantly different from the control and RCC1 depleted embryos (211 ± 
26 nm/μm; Figure 2.3., Table 2.3.). Surprisingly, at a theoretical nuclear size of 0 μm, 
chromosome length in RCC1 depleted embryos is predicted to be smaller than control (Table 
2.3.). Altogether our results suggest that depletion of RCC1 enhances compaction of each 
individual chromosome by a fixed magnitude of approximately 746 nm (Δ y-intercept 
between control and RCC1 RNAi). Furthermore, the y-axis intercept is very similar in IMA-3 
and RCC1 depleted embryos thus removal of either protein reduced chromosome length to 
the same amount over that limited developmental timescale (Table 2.3.).  
 
In sum, our results indicate that IMA-3 is required for proper chromosome to nuclear 
size but not nuclear to cell size scaling. Whereas RCC1 contributes to nuclear to cell size 
scaling, with the final outcome of RCC1 depletion being chromosomes that are 
inappropriately short for a given cell size.  
 
2.2.3. RCC1 RNAi embryos exhibit a global increased compaction prior to mitosis   
A hypothesis for decreased chromosome length in RCC1 depleted embryos could be 
differential condensation dynamics in prophase. To test this hypothesis, we used a live-cell 
fluorescence-based condensation assay to determine the temporal dynamics of chromatin 
compaction 70. Our condensation assay revealed that the overall dynamics (shape of the 
curves) of chromatin compaction did not change in relation to cell size in control embryos, as 
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noted previously (Figure 2.7.) 97. However, RCC1 depleted embryos showed distinct 
chromosome compaction dynamics from those observed in IMA-3 or control depletions 
(Figure 2.3.). In fact, chromosomes in RCC1 depleted embryos are more compacted by this 
measure at the start of prophase compared to control or IMA-3 RNAi embryos. These results 
suggest that either prophase (and thus chromosome compaction) takes longer or that 
chromatin is additionally compacted when entering mitosis in RCC1 depleted embryos. By 
measuring centrosome growth (using the γ-tubulin GFP) we confirmed that the time spent in 
prophase/prometaphase (from start of centrosome growth to NEBD) was not different in any 
condition (Table 2.4.).  Thus we conclude that chromatin in RCC1 depleted embryos is 
generally more compacted prior to mitosis. 
 
Table2.4. Time spent in prophase in  
Control and RCC1 depleted embryos. 
RNAi Mean time  
in min 
Control 4 mins 30 sec 
Rcc1 4 mins 35 sec 
Time in minute represents time of centrosomes  
growth from duplication to NEBD. 
 
Next, we sought to determine if this additional state of compaction is introduced 
globally onto the chromatin or more locally at specific areas of the genome. To answer this 
question we made use of the inherent chromosome length variance; in any individual cell, all 
chromosomes will not be the same length. We compared the variance at each developmental 
stage in control and RCC1 RNAi, (Table 2.5.). When we analyzed RCC1 RNAi embryos, we 
observed that the variance remained similar to control at all developmental stages (except at 
the 4 cell stage), indicating global rather than local length regulation.  
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Table 2.5. Statistical differences of chromosomes length variance at all different stages 
between Control and RCC1 depleted embryos. 
Developmental 
stage 
Variance 
Control (μm) 
Variance rcc1 RNAi 
embryos (μm) 
Statistcally 
different 
1 Cell stage 1.914 1.925 no 
2 Cell stage 1.751 2.113 no 
4 Cell stage 1.405 1.966 yes 
8 Cell stage 1.858 1.226 no 
16 Cell stage 1.626 1.245 no 
 
2.2.4. The RAN-GTP gradient contributes to nuclear and chromosome size 
Our experimental design of reducing nuclear and chromosome size through depletion 
of RCC1 can not distinguish between a direct effect of RCC1 on chromatin (as it is a known 
chromatin binding-protein 103 or an effect through disruption of the Ran-GTP gradient across 
the nuclear membrane.  To discriminate between these 2 possibilities, we depleted other 
known proteins required to maintain the Ran-GTP gradient. Ntf-2 (RAN-4 in C. elegans) is 
an import factor associated to the nuclear pore that binds Ran-GDP and promotes its nuclear 
import104, its should reduce the nuclear pool of RAN-GDP available to be exchange to RAN-
GTP by RCC1. After NTF2 depletion, nuclear size was reduced in a manner 
indistinguishable from RCC1 depletion (Figure 2.4., Table 2.3.). Partial depletion of NTF2 
increases chromosome segregation defects; therefore we focused on the 2-cell stage, an early 
time point with fewer accumulated defects and resolvable individual chromosomes. At the 2 
cells stage, chromosome length in NTF2 depleted embryos was not statistically different from 
chromosome length in RCC1 depleted embryos and smaller than controls (Figure 2.4.).  
Hence, we found that partial depletion of NTF2 phenocopied RCC1 depletion suggesting that 
the RAN-GTP gradient is critical to maintain the cell to nuclear size and the cell to 
chromosome size scaling.  
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The depletion of RCC1, NTF2 and IMA-3 did not result in the same phenotype 
although they are part of the nuclear trafficking pathway. To evaluate the relative 
contribution of each protein to nuclear import, we measured retention of PIE-1::GFP in the 
nucleoplasm at 4-cell stage (see Methods for details). We found that RCC1 and NTF2 
depleted embryos have a reduced accumulation of PIE-1::GFP compared to control and IMA-
3 RNAi (Figure 4D). We did not see any significant differences in nuclear import of PIE-
1::GFP after IMA-3 RNAi compared to control. Altogether, these results suggest that RCC1 
and NTF-2 depletion reduces global protein import into the nucleus. We hypothesize that 
factors required to adjust nuclear and chromosome size to cell size fail to import in these 
conditions. On the other hand, IMA-3 perhaps imports a specific factor required for 
chromosome to nuclear size scaling. 
 
2.2.5. A chromosome length-scaling model 
We have shown a connection between cell size, nuclear size, and chromosome size 
regulation in developing early embryos. By modifying embryo size, our results suggest that 
cell size and not developmental program, regulates mitotic chromosome size scaling. Cell 
size based control is saturated in very large cells present during the first divisions as 
chromosome length reaches a maximum and does not scale, a phenomenon we term 
“plateau”. These results lead us to hypothesize a theoretical inhibitor, X, of chromosome 
compaction in excess in the early embryo. This limiting component model predicts that the 
amount of X is defined by maternal load and restricts chromosome compaction early during 
development90. Its dilution after each round of division results in more compacted 
chromosomes in smaller cells, independent of developmental stage. This theory is also 
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supported by observations made in tetraploid embryos; although they are twice the volume of 
diploids embryos, chromosomes are smaller in the first 2 divisions (Figure S2). If a 
developmental program were regulating the plateau, it should be observed irrespective of 
ploidy. We hypothesize that diploid animals have an excess of X in large cells and the 
amount of DNA is the limiting component. However, when doubling the amount of DNA, the 
inhibitor is no longer in excess but is rather the new limiting component, resulting in smaller 
chromosomes. 
 
Nuclear transport has been proposed to be key for both nuclear to cell size scaling and 
chromosome to cell size scaling95,98,105,106. In C. elegans, we confirmed that disruption of 
nuclear import/export resulted in smaller than expect nuclei and chromosomes. Also, as 
expected, this is influenced by the RAN-GTP nuclear to cytoplasm gradient. We hypothesize 
that reducing Ran-GTP correspondingly reduces import of inhibitor of compaction in smaller 
nuclei, decreasing chromosome length (Figure 2.4.). This is in contrast to a model where 
chromosome condensation enzymes accumulate in nuclei to scale chromosome size.  
 
In conclusion, by using high-resolution time-lapse imaging of living, developing 
embryos, we determined that mitotic chromosomes scale to cell and nuclear size. Our 
analysis allowed us to propose two mechanisms regulating chromosome size scaling. The 
first mechanism regulates chromosome length proportionality to cell and nuclear size through 
adaptive regulation. The second mechanism reduces chromosome length with a fixed 
magnitude perhaps through the incorporation of an unknown epigenetic mark on the 
chromatin in response to small nuclei size. It is unclear how the 2 mechanisms are regulated 
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to form chromosomes of specific length during development. In the future, it would be of 
great interest to determine the molecular effectors of this change in chromosome compaction 
and the nature and dynamics of epigenetic marks introduced during development. 
 
Figure 2.4. Ran pathway members regulate chromosome and nuclear size 
through limited nuclear import. A) Representative still images from time-
lapse movies of nuclei from TH32 embryos after RNAi depletion of Control, 
RCC1 and NTF2 RNAi at the 2-cell stage. Scale bar = 5 μm. B) Nuclear 
volume correlated to cell volume (in μm3) in Control, RCC1 and NTF2 RNAi 
embryos. See Table III for linear regression information. Control N= 37, 
RCC1 RNAi N= 23, IMA-3 RNAi N= 30. Linear regression values are 
presented in Table III. C) Boxplot of chromosome length at the 2 cell-stage. 
D) Representative still images from time-lapse movies of PIE-1::GFP’s 
nuclear import in P2 cell and mean maximum nuclear import of Pie-1::GFP 
expressed as a ratio of control’s maximum import. Scale bar = 5 μm.  E) 
Chromosome length scaling model based on a differential level of Ran-GTP in 
small (low concentration) vs larger cells (high concentration). The low 
concentration of Ran-GTP schematic represent either 1) depletion of NTF-2 
which prevents nuclear import of Ran-GDP or 2) depletion of the Ran-GEF 
which prevents exchange of GDP to GTP on Ran. 
 n.s not significant * P ≤ 0.05   
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2.3. Supplemental material 
Figure 2.5. Embryonic phenotype following depletion of C. elegans 
importin proteins. A) Embryos depleted of the 3 importin-α proteins found 
in C. elegans. B) Embryo diameter in control, ima3 or rcc1 RNAi. C) 
Percentage of embryos with the indicated localization or mis-localization of 
Pie-1::GFP in the P2 cell after 48 or 24 hrs depletion of ima-3. D) Correlation 
of cell to nucleus diameter in control or rcc1 RNAi embryos (Refer to Table 
2.3. for details). 
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Figure 2.6. Chromosome length analysis in diploid vs tetraploid worms. 
Chromosome length analysis in diploid vs tetraploid worms. Representative 
still images of  diploid and tetraploid embryos at the 2-cell stage. Shown is the 
outline of the embryo and size of the depicted embryo, black diploid, orange 
tetraploid. Diploid overlaid on tetraploid to illustrate differences in size. Scale 
bar = 5 μm. Chromosome length correlated to cell size in diploid and 
tetraploid embryos from the 1 to 16 cell stage. Graph and table representing 
the linear regression of cell size vs chromosome length. Diploid n = 97 
tetraploid n = 156. 
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Figure 2.7. Chromosome condensation dynamic during development. Plot 
of condensation dynamics at all developmental stages examined in this study. 
The number of pixels with a value below a threshold of either 35 or 50% is 
shown as indicated. 
 
2.4. Material and methods 
WORM GROWTH AND RNAi EXPERIMENTS 
Worm strains N2 (Wild-type), TH32 (t pie-1::bg-1::GFP + unc-119(+), pie-
1::GFP::H2B + unc-119(+)), JH2015 (pie-1p::GFP::pie-1 ORF::pie-1 3'utr + unc-119(+) ) or 
SP346 (tetraploid 4A:4X provided by the CGC) were grown and maintain at 20°C using 
standard procedure. Bacterial strains containing a vector expressing dsRNA under the IPTG 
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promoter were obtained from the Ahringer library (from Jean-Claude Labbé’s laboratory, 
IRIC UdeM). Individual targets were confirmed by sequencing. Time of protein depletion by 
bacterial feeding was performed for 24 hrs (low depletion) or 48 hrs (higher depletion) at 
20°C.  
LIVE IMAGING 
All live imaging was performed at RT on a Swept Field confocal (Brucker 
Instruments) mounted on an inverted TE2000 Eclipse Nikon microscope or a A1R Confocal 
(Nikon) (for chromosome measurement of TH32 expressing H2B::GFP) using the Nis-
elements or an inverted DeltaVision microscope (for Pie-1::GFP import and DAPI stained 
embryos) using SoftWorx. Time-lapse acquisitions on the Swept Field were executed using a 
60x/1.4NA PlanApo Oil immersion objective at 1.5x magnification and a Photometrics 
CoolSnap HQ2 camera binning 2x2, at 30 second intervals and at 0.5 μm focal spacing. 
Image acquisition on the Nikon A1R confocal was executed with a APO TIRF 60x Oil 
1.5NA objective, Nikon’s GaASP PMT detector using Nis-elements. C. elegans embryos 
were mounted between a #1.5 coverslip and a 5% agarose pad (vs 2% agarose) poured on a 
microscope slide.  This mounting was used to slightly (less than 10%) compress the embryos, 
resulting in reduced spherical aberration and therefore more accurate measurement of 
chromosome length. The coverslip was sealed using Valap (1:1:1 lanolin, petroleum jelly and 
parafin wax).  
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IMAGE PROCESSING AND MEASUREMENTS  
All experiments were repeated at least 3 times. The number of cells analyzed is stated 
in the Figure legends. Graphs represent all chromosomes measured in repeated experiments. 
TH32 time-lapse videos were visualized in 3D/4D using Imaris (Bitplane). Chromosomes 
lengths were measured in 3D during prometaphase of C. elegans early embryo mitosis. 
Measurements were made by visually delimiting chromosomes and assigning 3 points at the 
extremities and in the middle of individual chromosomes. We also delimited the height and 
the length of the embryo using the fluorescence background seen in the embryo in order to 
determine embryo size and cell size. Nuclear size was determined before nuclear envelope 
breakdown by measuring nuclear diameter. 
 
ANALYSIS 
Data were exported into MatLab (The MathWorks) or Prism (Graphpad) for analysis. 
Embryo diameter was obtained by modeling an elliptical form to the embryo. Due to the 
irregular shape of cells during development, we derived the mean cell diameter from embryo 
diameter (embryo diameter/cell number). Each individual chromosome was correlated to cell 
diameter or nuclear diameter using a linear regression of y = ax + b. Evaluating the p-value of 
the slope being different then 0 determined the presence of correlation between 2 variables. A 
difference in slope or intercept between 2 datasets was determined by non-overlapping 
standard error of the slope or the intercept. 
 
We performed Student’s t-test with Bonferroni correction to determine the p-value of 
the null hypothesis in between developmental stage of each condition (Table 2.2) when the 
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ANOVA test found statistically significant differences (Table 2.1).  The statistical 
significance of the difference in the variance of each developmental stage for Control vs rcc1 
RNAi was also tested using Fisher’s F-test.   
 
Nuclear import of Pie-1::GFP in the P2-cell was measured using Fiji. For each time 
point prior to NEBD, total fluorescent intensity (TFI) of a fixed-size area (after max intensity 
projection) was measured. For each time point, the total fluorescent intensity value was 
expressed as a ratio over control maximum intensity. Maximum import was obtain by 
averaging 3 time points corresponding to the time of maximum import in Control. For each 
condition, this value was plotted in a bar graph when the maximum import was reached in 
Control embryos. 
 
The condensation assay was performed as described (Maddox et al., 2006). Control, 
IMA-3 or RCC1 depleted TH32 worm embryos were imaged on a Swept-field confocal. 
Using Metamorph software (Molecular Devices), on a maximum intensity projection of each 
dividing cell, a square of a given size was placed in the middle of the dividing nuclei during 
the length of the movie (from start of condensation to NEBD). The fluorescence intensity 
distribution of the square at each time point is rescaled on a 0-255 gray values scale. The 
condensation parameter represents the number of pixel with fluorescence intensity above a 
threshold for each square (example, threshold of 35% of 255 gray values ~ 90 gray values). 
In designing the assay, multiple thresholds are tested and Figure 2.7. shows the graphs for 
threshold 35% or 50%.  Some modifications of the original assay being that for each nuclei 
size a different area (therefore more pixels in larger nuclei) was used in order to capture all 
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the nuclei values at each nuclei size. We found that this modification did not change the 
outcome of the assay. 
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Chapter 3. CENP-A AND TOPOISOMERASE-II ANTAGONISTICALLY 
REGULATE CHROMOSOME LENGTH IN HOLOCENTRIC ORGANISMS
3.1. Introduction 
Mitotic chromosomes, as cytologically distinct bodies readily visible by light 
microscopy, have been studied for well over a century, yet the fundamental nature of their 
underlying structure, and the molecular mechanisms of their assembly, are largely unknown. 
The formation of distinct chromosomes from the dispersed chromatin that fills the nucleus in 
interphase is known as condensation. During early development, mitotic chromosome size 
scales to cell size; repeated cell division in the absence of embryo growth reduces cell size 
and, concomitantly, chromosome size decreases 97,98,107. Chromosome size scaling is critical 
for life as a single mitotic chromosome in an early embryo can be as large as the entire 
metaphase plate of smaller cells late in development (our observation). It is clear that nuclear 
transport via the RAN pathway plays an important role in regulating mitotic chromosome 
size, however the physical mechanism causing shorter chromosomes is unknown 97,107. To 
find proteins whose nuclear localization is critical for mitotic chromosome scaling, we 
devised and executed an RNAi screen of the C. elegans nucleome in a sensitized setting.  
 
In order to isolate proteins critical for controlling mitotic chromosome size, we carried 
out our screen in a C. elegans strain that harbors an exceptionally long chromosome as the 
result of a telomere fusion event between the 2 longest chromosomes, 5 and X (Fig 3.1.) 
108,109. This strain is viable in lab conditions and contains a genome size not significantly 
different from the wild type parent strain. We predicted that depletions with a robust effect on 
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chromosome length regulation would lead to embryonic lethality in our long chromosome 
strain but not in control animals. This strategy identified the centromere specific histone H3 
variant CENP-A (HCP-3/CPAR-1 in C. elegans) and Topoisomerase-II (Topo-II, TOP-2 in 
C. elegans) as molecular regulator for chromosome size.  
In many organisms including humans, centromeres are restricted to a single, albeit 
very large (1-5MB), locus on each chromosome (mono-centromere). However, in C. elegans, 
as well as many other diverse organisms, the centromere is dispersed along each 
chromosome. Centromeres are defined by the presence of the histone H3 variant, CENP-A. 
This centromeric chromatin provides the platform necessary for mitotic kinetochore 
assembly. Analysis of extended (stretched) human centromeric chromatin fibers revealed 
interspersed “blocks” of CENP-A or H3 containing chromatin 76. Structurally, CENP-A 
nucleosomes have increased internal rigidity that was proposed to drive self-assembly of 
centromeric chromatin on the outer face of mitotic chromosomes forming a linear array of 
CENP-A nucleosomes, forcing H3 nucleosomes towards the inside of the chromosome 72. In 
agreement with this hypothesis, in vitro reconstitution of synthetic arrays showed that CENP-
A containing nucleosomes are more condensed than bulk chromatin 78. In C. elegans, CENP-
A depletion results into chromatin collapsing into a ball rather than forming rod-shape 
chromosomes during mitosis, leading to the hypothesis that centromeric chromatin, generally, 
is more stiff than that containing canonical histone proteins. 
 
Topo-II is involved in numerous DNA metabolic processes as its enzymatic activity 
enables DNA decatenation of the loops formed during transcription and replication 58. Topo-
II localizes to what appears to be a central long axis of monocentric mitotic chromosomes 
36,110 and loss of Topo-II function impairs chromosome assembly and increases chromosome 
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segregation defects in most eukaryotic cells 33,50,111. In addition to mitotic errors, Topo-II 
disruption in most proliferative cells activates a G2-checkpoint and disrupts transcriptional 
activity 112,113. The C. elegans embryo has very weak checkpoint activity and is 
transcriptionally silent, allowing cell cycle progression after TOP-2 depletion 114. In sum, this 
evidence supports the idea that CENP-A and TOP-2 contribute to mitotic chromosome 
assembly, but their contribution to chromosome size scaling is unknown.  
 
3.2. Results and discussion 
3.2.1. A targeted, reverse genetic screen for proteins required to segregate an 
abnormally long chromosome 
To identify proteins required for stable segregation of abnormally long chromosomes, 
we individually depleted, by RNAi, a subset (~600) of the proteins predicted to localize to the 
C. elegans nucleus in two conditions; a strain harboring a chromosomal fusion between 5 and 
X and the control parent strain (wild-type) 108,109. Compared with wild-type C. elegans, our 
“long chromosome strain” has the same genome size and indistinguishable viability in 
laboratory conditions 108,109. To perform the screen, L4 stage larvae were incubated with 
individual clones from a library of bacteria expressing dsRNAs targeting the nucleome 
(proteins known or predicted to bind chromatin)  115 (Fig 3.1.). The viability of RNAi treated 
worm progeny was scored 5 days later and a range of phenotypes recorded (Fig 3.1.).  Our 
strategy identified chromatin regulators involved in different processes: chromatin modifiers 
(taf-1, trr-1 and swsn-3), chromosome architecture (his-2, top-2, cin-4, cpar-1), and 
phosphorylation/ubiquitination (lin-41, plk-1, ubc-9 and air-2), as well as several with 
unknown function (taf-4, attf-6, mag-1 and pdcd-2). One of the 15 hits, Aurora-B (air-2), can 
shorten an extra-long chromosome during budding yeast anaphase 99, revealing that our 
strategy identified potential regulators of chromosome size scaling.  
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In C. elegans, air-2 depletion results in highly pleotropic mitotic and meiotic defects 
obscuring interpretation with our current technology 116. Of the remaining hits, two important 
proteins previously reported as required for chromosome condensation and segregation in C. 
elegans stood out; CENP-A and TOP-2 (70,117, Fig. 3.1.). C. elegans uniquely expresses two 
orthologs of CENP-A; HCP-3 is the dominant form required for mitosis while CPAR-1 has 
no known function in embryos 118. Because these orthologs share extensive DNA sequence 
identity, it is not possible to independently target them by RNAi 118,119. Long chromosome 
embryos treated with partial HCP-3/CPAR-1 RNAi (mimicking the levels from the screen) 
and observed by Differential Interference Contrast (DIC) microscopy exhibited increased 
lagging chromosomes and cells with multiple nuclei, hallmarks of chromosome segregation 
defects (Fig. S2). Thus, reducing centromere chromatin results in enhanced chromosome 
segregation defects and lethality in C. elegans long chromosome embryos. 
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Figure 3.1. RNAi screen of C. elegans nucleome identifies chromosomal 
architecture protein as regulator of chromosome size. a) Diagram flow of 
the RNAi screen and list of positive hits from the screen (color code with 
different shades of gray refers to the phenotypes listed in b). Pink asterisks 
highlights potential regulator of chromosome length tested in this study. b) 
Representative images of 5 different phenotypes and partial CENP-A RNAi 
observed after RNAi treatment of the WT or the long chromosome strains. c) 
Representative images of TH32 (animals of normal karyotype (6 haploid 
chromosomes) containing GFP histone H2B (to visualize the chromosomes) 
and GFP::gamma-tubulin (centrosomes, to monitor mitotic progression) single 
cell embryos chromosomes. d) Frequency distribution of chromosome length 
measurements after Control (black circle, N:89), partial cenp-a RNAi (green 
squares, N:84), top-2 RNAi (purple diamond, N:75) and top-2 + partial cenp-a 
RNAi (pink stars, N:71). Error bars: 95% confidence interval. Conditions are 
different by one-way ANOVA. Scale bar = 5 µM. 
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3.2.2. CENP-A and TOP-2 regulate chromosome length in opposing manners 
Our screen suggested that CENP-A and TOP-2 contribute to chromosome length 
regulation. We predicted that depleting either protein would affect chromosome size in wild-
type animals. Thorough depletion of either of these proteins from C. elegans with wild-type 
chromosome length results in embryonic lethality stemming from severe condensation and 
segregation defects that begin in the zygote and thus preclude analysis of chromosome length 
scaling during embryogenesis (Fig. 3.6. and 70. Thus, to characterize the cytological effects 
underlying the lethality observed in long chromosome worms, we partially depleted these 
proteins in Control single-cell embryo (Fig. 3.3, Table 3.2.). We measured chromosome 
length and found that partial depletion of cenp-a resulted in shorter chromosomes (Fig. 3.1., 
Table 3.1.). In contrast, depletion of top-2 resulted in longer chromosomes (Fig. 3.1., Table 
3.1.). These findings suggest that CENP-A-containing chromatin elongates while TOP-2 
compacts chromosomes. To dissect the functional interplay between CENP-A chromatin and 
TOP-2 in chromosome size control, we partially depleted cenp-a and top-2 simultaneously 
(Fig. 3.3.). Double depletion of cenp-a and top-2 rescued chromosome length in the early 
embryo nearly to control conditions (statistically different from each individual RNAi, Fig 
3.1., Table 3.1. and depletion quantification Table 3.2.). These animals displayed severe 
anaphase bridging defects (Fig. 3.1.), indicating that 1) CENP-A and TOP-2 are required for 
additional functions (e.g. kinetochore assembly, sister disjunction, as expected) and 2) the 
proteins were in fact depleted to a significant level.  
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3.2.3. Endogenous CENP-A and TOP-2 localize linearly on mitotic holocentric 
chromosomes.  
Based on our above results and previous work, we hypothesized that TOP-2 and 
CENP-A play structural roles in chromosome condensation. Previous works have clearly 
shown that CENP-A localizes linearly along mitotic chromosomes in C. elegans, however 
TOP-2 localization is not known 120. In monocentric organisms (e.g. mammals), Topo-II 
localizes to chromosome arms however is concentrated at the highly condensed centromere 
regions leading to the hypothesis that it can serve as a structural element 36,121-123. To test if 
TOP-2 localized in a manner consistent with it serving as a structural element of C. elegans 
holocentric chromosomes, we generated an affinity purified polyclonal antibody directed 
against C. elegans TOP-2. Immunofluorescence staining with this antibody revealed linear 
localization along the exterior of mitotic chromosomes after NEBD (Fig. 3.2.). The linear, 
exterior localization pattern is unlikely due to a failure of the antibody to penetrate the 
chromatin, since other similarly-prepared antibodies can penetrate chromosomes prepared 
with identical methods 124. Localization was lost after complete RNAi of top-2, confirming 
that our RNAi is effective and the antibody specific (Fig. 3.5.). TOP-2 localization was 
confirmed using an endogenous sfGFP-tagged version (the only copy in the animal, 
generated by genome editing  125 (Fig. 3.5.).  
 
During early prophase TOP-2 staining was punctate, only localizing in linear arrays 
after completion of pronuclear migration in a manner similar in form but not necessarily 
timing to that of CENP-A assembly (Fig. 3.2.). Centromeres have been hypothesized in 
mono-centric organisms to form by self-assembly of dispersed CENP-A chromatin within the 
centromere domain 72 thus progressing from a punctate to linear morphology. We 
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hypothesize that the transition of TOP-2 localization pattern from punctate to linear is 
indicative of local organization similar to that proposed for centromere assembly. In 
combination with our depletion data (above), we propose that TOP-2 self-assembly 
constrains while CENP-A self-assembly promotes elongation of mitotic chromosomes, 
together acting to set chromosome size in C. elegans. 
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Figure 3.2. Endogenous TOP-2 localizes linearly on mitotic chromosomes 
and form axes physically distinct from centromeres. a) One-cell embryos 
fixed and stained with anti-TOP-2 antibody and DAPI, at different mitotic 
stages. Inset shows zoomed-in image of a single prometaphase chromosome. 
Schematic of single prometaphase chromosome shows 3-D view of spatial 
organization of TOP-2 relative to the chromatin. Blue = chromosome and red 
= TOP-2. Scale bar:  1µM in fluorescence images and 5µM in brightfield 
images. Anti-TOP-2 antibody probing whole worm lysate by western blot, 
asterisk (*) indicates a band that is unaffected by TOP-2 RNAi. b) Centromere 
marked with GFP-KNL-2 expressing one-cell embryos (OD31) 
immunostained with anti-TOP-2 antibody to compare centromere to TOP-2 
localization. Montage shows longitudinal view of a single prometaphase 
chromosome (first row) and cross-sectional view of a chromosome (second 
row). Inset shows zoom-in cross-section view of a chromosome. Schematic of 
single prometaphase chromosome shows 3-D view of spatial organization of 
TOP-2, centromere Blue = DNA, red = TOP-2, and green = centromere, Scale 
bar = 1µm. 
 
3.2.4. TOP-2 and CENP-A form physically distinct axes   
The above results support the hypothesis that TOP-2 and CENP-A serve distinct 
functions in chromosome condensation. However, it is possible that these two features co-
assemble into closely apposed structures (colocalize in the light microscope). To further 
evaluate this hypothesis, we sought to determine if TOP-2 localizes to chromosomes in a 
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manner distinct from the centromere, which also forms a linear, exterior axis 120. We fixed 
embryos and stained them for centromeres and TOP-2, and found by cross-sectional views of 
prometaphase chromosomes, TOP-2 localizes to superficial chromosome regions, and is 
excluded from centromeres (Fig. 3.2.). Further supporting the hypothesis that TOP-2 and 
CENP-A are independent, the levels of CENP-A were unaffected by top-2 depletion (Fig. 
3.3., Table 3.2.). 
 
3.2.5. Titration of CENP-A, but not TOP-2, via nuclear trafficking is required for 
chromosome size scaling during embryonic development 
Previously, we showed that nuclear trafficking via the RAN pathway is required for 
regulating chromosome size scaling in the C. elegans early embryo and proposed a model 
wherein a chromosome compaction inhibitor is titrated inside the nucleus over the course of 
development (concomitant with reduced nuclear size), resulting in reduced chromosome 
length in smaller cells 107. CENP-A protein is nuclear throughout the cell cycle, indicating 
that it is constitutively imported and thus would be a candidate factor for controlling 
chromosome size 124. To test this hypothesis, we measured chromatin-associated CENP-A 
protein levels just after NEBD during various stages of early embryonic development. CENP-
A chromatin levels decreased during development from the 2- to 8-cell stage (Fig. 3.3.,  one-
way ANOVA 2 to 8 cells stage P < 0.0001, one-way ANOVA 16 cells stage and older P = 
0.3113). This decrease essentially matches the rate of chromosome size scaling that we 
reported previously 107. In contrast, TOP-2 levels on chromatin did not vary during 
embryonic development until after the 50-cell stage (Fig. 3.5., one-way ANOVA 2 to 49 cells 
stage P = 0.5720, one-way ANOVA 50 cells stage and older P < 0.0001). 
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Based on the above results, we hypothesized that partial depletion of the RanGEF rcc1 
would disrupt CENP-A import 107. Depletion of rcc1 led to reduced levels of CENP-A on 
chromatin that did not change over the course of early development, compared to control 
(Fig. 3.3., Control one-way ANOVA P < 0.0001, rcc1 RNAi one-way ANOVA P = ns). To 
test if CENP-A import itself or CENP-A chromatin assembly is necessary for chromosome 
length scaling, we blocked CENP-A nucleosome assembly by depleting the centromere 
licensing factor KNL-2 79. This effectively reduced CENP-A chromatin concomitantly 
increasing unincorporated nuclear CENP-A (Fig. 3.6.). In embryos partially depleted of 
KNL-2 chromosomes were abnormally short (Fig. 3.6.). Together, these results support the 
idea that CENP-A chromatin is required for chromosome length scaling during early C. 
elegans development.  
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Figure 3.3. Chromatin associated CENP-A level decreases during 
development and is regulated by nuclear import. a) Representative images 
of OD421 (the only available copy of CENP-A in the animals used for 
quantification is tagged with GFP (Fig 3.5.74) at different developmental stage. 
b) Frequency distribution of relative intensity measurements of chromatin 
GFP::CENP-A during development, from the 2 to 100 cells stage. Relative 
intensity measurements of chromatin GFP::CENP-A during development are 
different by one-way ANOVA.  (N= 2 cells: 14, 4 cells: 18, 8 cells: 28, 16 
cells:12, 30-49 cells:18, 50-69 cells: 24, 70-100 cells: 9). c) Representative 
images of OD421 after RNAi depletion of Control (black circle, N: 72) and 
rcc-1 RNAi (purple circle, N:68). d) Mean GFP::CENP-A relative intensities 
according to chromosome length (mean chromosome length measurements 
taken from Ladouceur et al, 2015107.) (Control conditions are not different by 
one-way ANOVA p = 0.14 and rcc-1 RNAi conditions are different by one-
way ANOVA p < 0.001). e) Representative images of OD421 and f) relative 
GFP::CENP-A intensity frequency distribution after Control (black circle, N: 
16), cenp-a RNAi (dark green triangles N:17), partial cenp-a RNAi (light 
green squares, N:23), top-2 RNAi (purple diamond, N:8),  top-2 + partial 
cenp-a RNAi (pink stars, N:3), ran-3 (empty purple circle, N:8) and ran-3 + 
partial cenp-a RNAi (empty blue squares, N:7)  Error bars: mean and 95% 
confidence interval. Scale bar = 5 μm. (* P < 0.01). 
 
3.2.6. CENP-A acts as a ruler for chromosome length  
In C. elegans, CENP-A is incorporated and maintained in discrete domains distributed 
periodically along the genomic positional length of each chromosome 74,124,126. Because of 
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this discontinuous distribution, CENP-A chromatin appears, via high-resolution light 
microscopy, as a patchy “plate” on the surface of metaphase holocentric chromosomes. 
CENP-A chromatin appears to assembles during prophase to form a linear array on each 
chromosome perhaps contributing to the rigidity of mitotic chromosomes 70. In support of this 
idea, severe loss of CENP-A chromatin causes chromosomes to appear collapsed and round, 
instead of rod-shaped 70,124.  Since a partial decrease of CENP-A chromatin resulted in 
abnormally short, but still rod-shaped chromosomes, we hypothesized that mitotic self-
association of dispersed CENP-A-containing chromosome loci contributes to chromosome 
morphology, with the quantity of centromeric DNA acting as a molecular ruler that sets 
chromosome length. To test this hypothesis, we plotted the amount of CENP-A on each fully 
condensed mitotic chromosome just prior to metaphase relative to chromosome length (Fig. 
3.4.). We found a linear relation between CENP-A levels and chromosome length, with 
shorter chromosomes containing less CENP-A than longer chromosomes (Fig. 3.4., Control: 
y = 7.405 x ± 0.5 + 3.49 ± 3.49). By extension, this analysis reveals that the amount of 
CENP-A per unit length of condensed chromosome (not genetic distance) is constant in C. 
elegans. 
 
If CENP-A epigenetic domains indeed set mitotic chromosome size, increasing the 
amount of CENP-A chromatin should modify the ruler. In C. elegans embryos, CENP-A 
incorporation is inversely correlated to germline transcription (high transcription; low CENP-
A incorporation, low transcription; high CENP-A) 74,75. We disrupted germline transcription 
by depleting the Argonaut protein CSR-1 127 and thus increased the total amount of CENP-A 
incorporated in individual chromosomes in early embryos (Fig. 3.4., CENP-A over-
incorporation). Interestingly, the linear relation between CENP-A chromatin levels and 
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chromosome length was disrupted in CENP-A over-incorporation, as observed by a change in 
the slope of the linear regression (Fig. 3.4.; Control: y = 7.405 x ± 0.5 + 3.49 ± 3.49, Over-
incorporation: y = 15.82 x ± 1,68 - 1.80 ± 12.92, differences in slope P < 0.0001). The 
change in slope is likely explained by the fact that even with high levels of CENP-A, 
chromosome length does not increase, just as it does not in large embryonic cells 107. 
Therefore, chromosome length correlates with CENP-A levels that are lower than or equal to 
that present in zygotes, consistent with there being an upper limit (plateau) to chromosome 
size as proposed previously 107.  
 
3.2.1. Centromere domain size, rather than number, defines C. elegans mitotic 
chromosome length  
ChIP-Seq analysis in C. elegans found that CENP-A localizes in broad chromatin 
domains with each chromosome possessing approximately 100 domains at distances ranging 
from 290 bp to 1.9 Mb (median of 83 kb), a distance that roughly fits the predicted loop size 
formed in mitotic chromosome assembly 30,75. Combined with our measurement of decreased 
CENP-A levels throughout development, we hypothesized that either the number of CENP-A 
nucleosomes in each centromeric domain (centromere expansion) or number of domains 
decreases (neo-centromere) over developmental time resulting in proportionally shorter 
chromosomes in smaller cells (Fig. 3.4.). In the first case, individual, sub-resolutoin CENP-A 
domains would have an increased intensity, whereas in the second individual domains would 
retain their intensity, however there would be more spots. We measured CENP-A intensity of 
individual resolvable units (voxels) in conditions that resulted in altered CENP-A amounts 
(csr-1 RNAi). We found an increase in CENP-A maximum fluorescent intensity per voxel on 
individually segmented chromosomes in csr-1 RNAi compared to control embryos (Fig. 3.4, 
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Control: 0.48 ± 0.01, CENP-A over-incorporation: 0.91 ± 0.03). Therefore we favor the 
model of increased CENP-A per centromeric domain (centromere expansion). 
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Figure 3.4. Decoupling the amount of CENP-A incorporated per 
chromosome unit length modifies the chromosome length ruler and extra 
CENP-A is incorporated in existing CENP-A domains rather then 
spreading between domains. a) Representative images of OD421 after 
Control and csr-1 RNAi. b) GFP::CENP-A sum intensity for each individual 
segmented chromosome in relation to chromosome length after Control and 
csr-1 RNAi. Each slope is statistically different then zero. The slopes of the 
linear regression of the 2 conditions are statistically different P < 0.01. c) 
Chromosome length for individual segmented chromosome after Control and 
csr-1 RNAi. d) GFP::CENP-A maximum voxel intensity of individual 
chromosome after Control and csr-1 RNAi. All intensity (b and d) values are 
relative to the maximum intensity of controls. For b-d, Control (black circle, 
N:104) and csr-1 RNAi (purple stars, N:94).  e) Representative SIM images of 
chromatin squashes of single cell OD421 embryo after Control RNAi. f) 
Distribution plot of Full width at half maximum intensity of individual 
GFP::CENP-A foci measured on images as in e) for Control (black N: 21) and 
csr-1 RNAi (purple N:18). Boxplot generated with the application found on 
http://boxplot.tyerslab.com/:  center lines show the medians; box limits 
indicate the 25th and 75th percentiles as determined by R software; whiskers 
extend 1.5 times the interquartile range from the 25th and 75th percentiles. n = 
21, 18 sample points. g) Schematic for the models of Centromere expansion vs 
Neo-centromere formation.  Scale bar = 5 μm. (* p < 0.01). 
 
In order to more precisely analyze individual domains, we isolated embryos 
specifically in late prometaphase (as evidenced by pronuclear meeting) and squashed the 
embryo between a coverslip and a microscope glass in order to spread the mitotic 
chromosomes. This method allowed us to isolate distinct, diffraction-limited features 
representing native, self-assembled domains of GFP::CENP-A (Fig. 3.4.). These domains do 
not represent the bead-on-a-string level of chromatin and are more likely to be regions of 
DNA a few kilobases or longer. We were unable to detect changes in CENP-A foci size or 
distribution per unit length of chromatin by confocal microscopy (data not shown), but it is 
possible that the resolution was insufficient.  Therefore, we used SIM (Structured 
Illumination Microscopy) 128, which effectively doubles the resolution.  We found that 
CENP-A features have the same size in control cells and csr-1 RNAi (Fig. 3.4., Fig. 3.7.). 
Therefore, both conventional and super-resolution light microscopy support the hypothesis 
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that CENP-A nucleosomes are maintained in pre-defined regions when the total amount of 
CENP-A is modified. 
 
The study of mitotic chromosomes has a rich history, including the observation in 
1912 by Conklin of developmentally coupled chromosome size scaling 89. Here we show that, 
in the holocentric organism C. elegans, centromere size is a determining factor in 
chromosome size. Our data impact two important aspects in chromosome biology; 
chromosome size scaling and centromeric chromatin structure. Recently, genomic techniques 
(3C-derivatives, ChIP-Seq) have emerged allowing the detection of intra-chromosomal 
chromatin interactions that generate loops on mitotic chromosomes 25,29,129. We propose that 
mitotic centromeric chromatin assembles an axis on the exterior of internal non-centromeric 
looped chromatin. We found that TOP-2 can act to constrain chromosome length, which we 
further propose acts via modulating chromatin loops. Specifically, centromeric chromatin 
energetically prefers to assemble into a thin line that would result in a lower loop density, and 
thus lower structural rigidity (as predicted by polymer physics). In our model, TOP-2 acts in 
a spatially independent manner to that of centromeric chromatin to constrain loops. Since the 
levels of TOP-2 are stable over the timeframe of CENP-A decrease, the overall loop density 
would change very little, maintaining the biophysical properties of the chromosome over 
varying length scales. Thus, these antagonizing forces lead to a structurally sound, linear 
mitotic chromosome in C. elegans.
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3.3. Supplemental material 
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Figure 3.5. Genomic organization of strains used in the study and 
generation of a TOP-2 primary antibody. a) Schematic and PCR 
genotyping of CENP-A tagged with GFP at N-terminal (strain OD421). See 
material and method for details. b and c) Strategy and PCR genotyping for 
creating Top-2 knock-ins with superfoldedGFP using the CRISP/Cas9 
technique. d) Representative image of sfGFP::TOP-2 knock-in strain embryos 
at different developmental stage and relative intensity measurements of 
chromatin sfGFP::TOP-2 during development, from the 2 to 100 cells stage. 
N= 2 cells: 16, 4 cells: 30,  8 cells: 22,  16 cells: 41,  30-49 cells: 42, 50-69 
cells: 6, 70-100 cells: 9). Scale bar = 5 μm. e) Chromosome axial compaction 
as determined by measuring chromosome length in control, low and medium 
topo-II depletion just prior to NEBD. Montage is made from time-lapse 
images just prior to NEBD and shows chromosomes in control and low and 
medium TOP-2 depletion. TOP-2 various levels of depletion: low ~25%, 
medium ~70% and high ~95% using RNAi method (see materials and 
methods). Depletions are quantified by western blot using anti-Top-2 
antibody. f) Wild-type (N2) embryos are immunostained with anti-TOP-2 
antibody. Immunofluorescence image shows TOP-2 staining in control and 
TOP-2 depletion. Inset shows zoom-in view of a single prometaphase 
chromosome with two topo-II axes. Blue = DAPI and Red = topo-II. Scale 
bar, brightfield images = 5 μm and fluorescence images = 2 μm. 
 
 
Figure 3.6. Characterization of cenp-a/cpar-1, knl-2 and top-2 RNAi on c. 
elegans single cell embryos. a) Representative DIC images of the Long 
chromosomes strain and b) representative fluorescent images of OD421 after 
Control and cpar-1 RNAi. c) Representative images of OD421 treated with 
Control and knl-2 RNAi. d) Representative images of TH32 treated with 
Control and top-2 RNAi for 48 hrs. 
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Figure 3.7. Super-resolution microscopy on chromatin spreads performed 
on living C. elegans single-cell embryos. a) Representative SIM images of 
OD421 single cell embryo chromosome squashes. Inset is a zoom from the 
whole field of view. b) Yellow line in a) is a representative line-scan used for 
fitting Gaussian on gray values in order to determine Full width half max of 
individual GFP::CENP-A foci. 
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3.4. Tables 
Table 3.1. Mean chromosome length measurements at the one-cell stage. 
 
Chromosome length in bold are significantly different then Control with P < 0.0001 and in 
italic P < 0.001. 
The double RNAi is significantly different then each single RNAi. 
 
 
Condition Chromosome length (um) 
Control RNAi 3.7 ± 0.08  
partial cenp-a RNAi 2.81 ± 0.062 
partial top-2 RNAi 4.95 ± 0.12 
double cenp-a/top-2 RNAi 3.39 ± 0.08  
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Table 3.2. Average chromatin CENP-A fluorescence intensity  
at the one-cell stage, relative to Control. 
Intensities in bold are significantly different then Control with P < 0.0001 and in italic P < 
0.05. 
Condition CENP-A fluorescence intensity relative to 
Control 
Control RNAi 87.18% ± 4.19 
cenp-a RNAi -0.68% ± 0.51 
partial cenp-a RNAi 21.26% ± 3.34 
partial top-2 RNAi 76.8% ± 3.06, 
double cenp-a/top-2 RNAi 3.83% ± 2.58 
rcc-1 RNAi 71.53% ± 3.19 
double cenp-a/rcc-1 RNAi 21.93% ± 1.53 
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3.5. Material and methods 
ANTIBODIES AND ANTIBODIES LABELING  
A C-terminus fragment consisting of amino acids 1350-1470 from recombinant 
Caenorhabditis elegans Topoisomerase II was amplified with the primers 5’-
GCGCGCCCATGGATGTTCGATTCGGACGATGAC-3’ and 5’-GCGCGCCTCGAGTCA 
TCTTGGAGCCACAACGAAGC-3’. This fragment was inserted into a bacterial 
expression vector (pGEX, GE Life Sciences) and expressed in Escherichia coli cells. Purified 
protein was then used for antibody production in rabbit (in IRIC core facility). A fraction of 
TOP-2 and CENP-A antibodies were labeled with DyLight 499 and 649 (DyLight Microscale 
Labeling kit; Thermo Fisher Scientific). Antibodies were used at concentrations of 10µg/ml 
and 0.33µg/ml for immunofluorescence and western blots, respectively. 
 
CRISPR/CAS9 WORM STRAIN GENERATION 
The technique described in 125 was used to design and generate a SuperFoldedGFP 
tagged version of TOP-2 (K12D12.1). PCR genotyping was done using the following 
primers: Genotype-Top2-U1: gtaagatttcctctgtaatttcttc  
Genotype-Top2-L1: ccctaatttctacatttttcttcaa.  
 
WORM GROWTH AND RNAi EXPERIMENTS 
Worm strains N2 (Wild-type), YPT27 (trt-1(ok410), XR–VL fusion), TH32 (pie-
1::bg-1::GFP + unc-119(+), pie-1::GFP::H2B + unc-119(+)), OD421 (hcp-3(ok1892) + 
GFP::HCP-3 + mCherry::H2B) were grown and maintained at 20°C using standard 
procedures and MDX53 (TOP-2::sfGFP-3xFlag + mCherry::H2B) was grown at 25°C. 
Bacterial strains containing a vector expressing dsRNA under the IPTG promoter were 
obtained from the Ahringer library. Targets were confirmed by sequencing. Bacterial strains 
 79 
expressing dsRNAs targeting hcp-3, top-2, and ran-3, as well as the empty vector l4440 were 
grown O/N, cultures were diluted 1:100 and grown at 37°C for 3 hours or until reaching 
OD600 between 0.5 and 0.6. For partial depletion, hcp-3 RNAi bacteria were mixed with 
l4440 RNAi bacterial strain 1:5, respectively. For double depletion, the l4440 RNAi bacterial 
strain was replaced with either the top-2 or ran-3 bacterial RNAi strain. csr-1, cpar-1 and knl-
2 RNAi bacterial strains were grown O/N and used as is. All bacterial RNAi strain were 
seeded on NGM-IPTG-Carb plates and left to dry O/N. L4 worms were plated on seeded 
plates and left to grow for 24 hours before imaging.  In order to generate double-stranded 
RNA (dsRNA) for injection, 800-900 bp fragments of exons were amplified from genomic 
DNA using primers  
5'-AATTAACCCTCACTAAAGGCCAACGAGTCGATGGTTATG-3' and  
5'-TAATACGACTCACTATAGGTCTCCAACTTGCTCGTATGC-3  
for TOP-2. dsRNA fragments were transcribed in vitro using the Ambion High Yield 
Transcription kit. For depletion of TOP-2 before immunofluorescence, dsRNA was injectd 
into the syncytial gonad of TH32 worms at L4, using an electronic micro-injector 
(Eppendorf), with a needle holder mounted to a Nikon Eclipse TE-2000-S microscope.  
 
RNAi SCREEN 
N2 and YPT27 worm strain were grown at 20°C to adulthood in NGM liquid culture 
seeded with OP50 bacteria. Adult worms were bleached to obtain embryos. Embryos were 
transferred to S basal media and synchronized to L1 stage. L1 worms were transferred to 
NGM liquid culture seeded with OP50 bacteria and grown at 20°C for 36 hours until L4 
stage. L4 worms were cleaned of OP50 bacteria and resuspended in M9 buffer to an average 
density of 12-15 worms per 10 µl. A 10 µl drop was deposited, in triplicate, on NGM-IPTG-
Carb plates seeded with bacterial RNAi strain. The RNAis chosen for the screen was a sub-
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library of the whole genome library and covered the nucleome of C. elegans 115.  Phenotype 
was scored 5 days later and positive results are listed in Fig 3.1. All hits were confirmed 
independently by performing once more the described procedure.   
 
IMMUNOFLUORESCENCE 
For immunofluorescence, control and RNAi-treated worms were dissected with a 
scalpel in M9 buffer on a polylysine coated slide, and then placed under a coverslip. The 
embryos were then incubated in liquid nitrogen for 5 minutes. The coverslip was then 
removed quickly in order to break the embryo eggshells, enabling penetration of reagents. 
Embryos were then fixed in methanol at -20°C for 30-60 minutes, washed 3 times with PBS 
for 5 minutes each and blocked for 30 minutes with 4% BSA and 0.1% Triton X-100, in PBS. 
Primary antibodies were incubated at 10 µg/ml for 1.5 to 2 hours and secondary antibodies at 
2 µg/ml for 45-60 minutes. Embryos were then washed 3 times with PBS and 3 times with 
PBST, for 5 minutes each. Embryos were transferred to mounting media containing DAPI for 
imaging. 
  
FIXED IMAGING 
Fixed-cell imaging was performed on a wide-field epifluorescence microscope (Delta 
Vision, GE Health Care) equipped with a CoolSnap HQ2 camera (Photometrics), using a 
100X Olympus Plan Apo 1.4 NA objective. Softworx imaging software (GE Health Care) 
was used for acquisition (with 1x1 binning, 0.2 µm z-steps) and deconvolution. Imaris 
software (Bitplane) was used to generate 3-D reconstructed images from deconvolved z-
stacks. 
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LIVE IMAGING 
All fluorescence live imaging were performed at RT on a Swept Field confocal 
mounted on an inverted TE2000 Eclipse Nikon microscope or a A1R Confocal (Nikon) 
controlled by Nis-elements software (Nikon Instruments). Time-lapse acquisitions on the 
Swept Field were executed using a 60x/1.4NA PlanApo Oil immersion objective at 1.5x 
magnification and a Photometrics CoolSnap HQ2 camera. Image acquisition on the Nikon 
A1R confocal was executed with a 60x/1.27NA water immersion objective and Nikon’s 
GaASP PMT detector using Nis-elements. C. elegans embryos were mounted between a 1.5 
coverslip and a microscope slide in M9 buffer on a 5% agarose pad. The coverslip was sealed 
using Valap (1:1:1 lanolin, petroleum jelly and parafilm wax). DIC imaging was performed 
on an inverted Nikon te200 microscope equipped with a 100x/1.4NA oil objective and a 
1.4NA oil condenser. Images were acquired using an Orca ER interline CCD camera 
(Hamamatsu Photonics) controlled by MetaMorph imaging software (Molecular Devices).   
 
EMBRYO SQUASHES AND CHROMATIN SPREAD 
Single-cell embryos were transferred in M9 onto a coverslip for observation on a 
dissecting microscope. At the desired cell cycle stage, mounting media was dropped on the 
embryo and a microscope slide was used to squash the embryo between the coverslip and the 
microscope slide. A little bit more pressure was added to the coverslip where the embryo lies 
in order to spread the chromatin efficiently.    
 
SIM IMAGING 
SIM imaging was performed on a Nikon Ti-E equipped with a SR Apo TIRF 
100X/1.49NA and an Andor EMCCD iXon3 897 detector controlled by Nis-Elements (Nikon 
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Instruments). For each 0.1 um step, 15 images were acquired (3 angles and 5 phases at each 
angle). The reconstructed 3-D image was use for image processing and analysis.  
IMAGE PROCESSING, MEASUREMENTS AND ANALYSIS 
All experiments were repeated at least 3 times. The number of cells analyzed is stated 
in the Figure legends. Chromosomes lengths were measured as described previously 107. 
Briefly, embryos, before NEBD, were visualized in 3D using Imaris (Bitplane) and 
measurements were made by visually delimiting chromosomes and assigning 3 points at the 
extremities and in the middle of individual chromosome. GFP::HCP-3 and TOP-2::GFP 
chromatin intensities were measured on maximum intensity projection of embryos after 
NEBD. Chromosomes were outlined manually to obtain total fluorescence intensities and the 
same area of cytoplasmic background was subtracted to obtain the chromatin fluorescence 
intensities. Each cell was normalized to the highest fluorescence intensity of individual daily 
experiment. GFP::HCP-3 intensities per unit length were obtained by segmenting individual 
chromosomes in 3D using the IMARIS software (Bitplane). Since in control conditions 
chromosomes naturally vary in size in individual cells, measurements taken from embryos at 
the single cell stage provides sufficient dynamic range.  Then, the total GFP intensities were 
plotted in relation to chromosome length. 
 
SIM images were analyzed using Fiji.  Single foci of GFP::HCP-3 found on stretched 
chromatin were manually located. A line was drawn across to get the full-width-half-max 
using the Plugin FWHM_Line. 
 
TOP-2 GRADED DEPLETION  
TOP-2 was depleted to various extents using dsRNA injection or bacterial feeding for 
various time periods. To achieve high top-2 depletion (∼95%), 1 mg/ml dsRNA was injected 
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into L4 worms, which were then transferred to TOP-2 dsRNA expressing bacterial plates and 
incubated for 2 days at 20°C before imaging. To achieve medium top-2 depletion (∼70%), L4 
larvae were incubated on TOP-2 dsRNA expressing bacterial plates for 2 days at 20°C before 
imaging. To achieve low top-2 depletion (∼25%), young adults were incubated on TOP-2 
dsRNA expressing bacterial plates for 6.5 - 8 hours at 20°C before imaging. Depletion levels 
were quantified by western blot, using 90 worms (whole worm lysate) for each condition 
mentioned above. 
 
MEASURING CHROMOSOME AXIAL COMPACTION 
For quantitative analysis of chromosome axial compaction, topo-II has been depleted 
to various extents (low ≈ 25% and high ≈ 70%) using RNAi as described above. Lengths of 
individual horizontally laying chromosomes were measured in each condition just prior to 
NEBD using ImageJ software by line scanning.  
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Chapter 4. NUCLEI AND CELL SIZE CONTROL 
4.1. Introduction 
In most metazoans studied to date, embryonic development goes through multiple 
rounds of cell division without increase in embryonic volume. Accordingly, cell size reduces 
after each round of cell division. This developmental process has important implication at the 
developmental and cellular level. At the developmental level, embryos rely on maternally 
supplied mRNA to go through those cellular divisions. The amount of cytoplasm reduces but 
the amount of DNA stays constant; as cells get smaller the cytoplasm to DNA ratio slowly 
changes. A critical DNA to cytoplasm ratio sets the timing for the maternal to zygotic 
transition or the Midblastula transition (MBT). At MBT, the zygote becomes transcriptionally 
active and it was propose that some cytoplasmic factors inhibiting MBT were titrated against 
the increasing amount of DNA allowing for a simple regulation for activation of 
transcription. Such factors were identified to be replication factors and H3/H4 nucleosomes 
as, for example, reduction of H3 protein in frog embryos activated transcription earlier then 
in control embryos 130,131. At the cellular level, reducing cell size leads to cell size dependent 
scaling of organelle size where smaller cells have smaller organelle. Cell size scaling was 
described for chromosomes, nucleus, spindle, and centrosomes. In vitro study of spindles 
assembled in different size droplets containing frog cytoplasm found that the amount of free 
tubulin present in the droplet, rather than physical constraint determines spindle size 132,133. 
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Therefore, the relative amount of diverse cytoplasmic factors regulates many developmental 
and cellular processes.  
Most studies focused on scaling during early embryonic development within one 
species or closely related species. Very little is known about how organelle size scales across 
a wide variety of species. It would be of great interest to know if there are general rule 
regulating scaling of a given organelles or if scaling occurs independently in different 
animals. Also, studying very close species was proven very useful in understanding 
molecular mechanisms regulating organelle size in frog 88,134. What mainly lacks for 
answering those questions are ‘new’ models. Here we address some of those questions and 
uses chromosome size scaling as a model to test different hypothesis in a larger scope then 
simply cell size.  
 
4.2. Results and discussion 
4.2.1. Scaling across animals and within closely related species 
It is now well established that cell size has a determining role on organelle size. In 
fact, the definitive size of condensed mitotic chromosome is in part determined by cell size. 
This was shown for large cells of nematodes and frog embryos 97,107,134. However, it is not 
known if chromosome size scaling is conserved across metazoa or in different cell type. Also, 
if it were conserved, it would be of interest to know if the same determinants regulating 
chromosome size scaling during early embryonic development is maintained: 1) later during 
development, 2) in other cell types and 3) across metazoa. A study asking a similar question 
but for spindle length regulation found that spindle length scales to cell size across metazoan 
having a ~ 30 fold variation in embryo size. One interesting feature is that even if each 
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species didn’t start with the same spindle size (or cell size), spindle scaling followed a similar 
trend in cells smaller than 140 um, irrespective of animal species135.  
 
Previous work from our lab and from other labs showed that if cell size as 
undoubtedly a role to play in chromosome size scaling, ultimately nuclear size and DNA 
content overrule cell size. Therefore, the first feature we characterized is nuclear size scaling 
during early embryonic development across a distribution of animal species. Using DIC and 
DAPI staining we compared cell and nuclei size scaling during early embryonic development 
of vertebrates (Danio rerio), nematodes (C. elegans), annelids (Chaetopterus variopedatus) 
and echinoderms (Lytechinus variagatus) (Figure 4.1.). We observed that nuclei size scale to 
cell size across those metazoan species, as we can fit a linear regression, but however 
plateaus in cells with a diameter bigger then 53 μm, irrespective of the species (Figure 4.1.). 
Interestingly, if we look at individual species, we also see scaling is, to a certain extent, 
conserved. In fact, within each species the slopes of the linear regressions are not statistically 
different then each other but the intercepts are different (Figure 4.1.). This result suggests 
that, across different species, for a given maximum cell size, nuclei size is different but keeps 
the same rate of nuclei size reduction during development.  
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Figure 4.1 Nuclei and DNA density scaling to cell size across 4 different 
animal species. A) Representative images of 4, 4 cell stage animals imaged by 
DIC or fluorescent light microscopy. B) Linear regression relation between 
Cell diameter and nuclear diameter in 4 animal species. Note: due to low 
number of annelids embryos, they were excluded from the statistical analysis. 
They are depicted on the graph to show they, qualitatively, seem to scale in a 
similarly to the other embryos.  
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Next, we asked what could affect the maximum nuclei to cell size ratio. One 
possibility is that the nuclei content, the genome, eventually sets nuclear size. To test this 
hypothesis, we used another metric, which we call DNA density. We obtained this value by 
dividing the genome size by nuclear volume (Mbp/μm3). Using this metric, a larger genome 
would account for larger nuclei, at a similar cell size. If this hypothesis were true, when 
comparing the linear regression of DNA density scaling to cell size, the intercept and the 
slope would be similar across all species tested here. When we performed this analysis, we 
found that, again, the slopes were similar but the intercepts were different. Therefore, 
something else is regulating the max nuclear size. One possibility is that the analysis 
performed in the very large cells of the early developing embryos is not representative of the 
scaling properties occurring in the smaller cells. In support of this hypothesis, when we 
looked at chromosome size scaling in C. elegans, we were curious to know if the trend 
observed in the early embryos was maintained in non-embryonic cells.  Our analysis 
proposed that the smallest chromosome we could measure (given by the intercept of the 
linear regression) would be 2 μm long107. However, when we measured chromosome of the 
small seam cells of L1 larvae, we found chromosomes 1 μm long (Fig. 5.3.). This result 
suggests that during development, the scaling relationship of chromosome to cell size and 
perhaps of nuclei to cell size can change greatly.  
 
We established in the previous sections that nuclei size scale to cell size with similar 
rate across a wide variety of animal species. Also, within a single species we showed that 
nuclear density regulates chromosome size; both C. elegans with reduced nuclear size or 
tetraploid C. elegans have shorter chromosomes compared to their respective control (WT 
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nuclei size and diploid animals). Those experimentally modified animals all suggest that 
nuclear density has a strong effect on chromosome size. Here, we were looking for closely 
related species with similar cell size but different genome size effectively decoupling cell size 
and genome size. We screened 4 nematode species and look for one baring those 
characteristics. We found that Pellioditis typica fit those criteria; its genome is 2.5x time C. 
elegans genome but embryo size is not different (Figure 4.2.). We performed similar analysis 
as described previously and measured cell and nuclei size during development in the 4 
different nematode species using DIC microscopy. First, we found that, as would be predicted 
by our previous results, P. typica scaling rate of nuclear to cell size is similar to the 3 other 
species (similar slope) but the maximum nuclear size for large cells is increased (different 
intercepts) (Figure 4.3.). Also, those characteristics are all similar within the 3 nematode 
species other then P. typica confirming our hypothesis. Therefore, we successfully uncoupled 
genome size and cell size without performing any laboratory manipulations.  Next, we used 
the nuclear DNA density measure to test if genome size could account for the different 
intercepts. Similar as we observed across animals, the DNA density measure was not 
sufficient to account for the differences, as the intercepts were still different in cells bigger 
than 15 μm.   
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Figure 4.2 Genome size and cell size is decoupled in the nematode species 
Pellioditis typica. A) Representative images of 4 cell stage nematodes imaged 
by DIC. B) Embryo and single-cell nuclei volume of 4 nematodes species. 
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Figure 4.3 Nuclei size scaling in a worm strain closely related to C. 
elegans. A) Representative images of nuclei size for C. elegans and P. typica 
during early embryonicdevelopment, B) Linear regression relation between 
Cell diameter and DNA density or nuclear diameter in 4 worm species. 
 
Eventually, we would like to test if any of those variables have an effect on 
chromosome size. Our work previously showed that large cells contain more inhibitor of 
chromosome compaction then small cells thus preventing formation of small chromosomes. 
We can predict that in P. typica, which have the same cell volume as C. elegans and perhaps 
the same starting amount of inhibitor but doubled genome size, the ratio of inhibitor to 
genome is disrupted and therefore less inhibitor is available for the larger genome. If our 
hypothesis were true, P typica should have longer chromosomes. It was recently published 
that meiotic chromosomes from P. typica are 2.5x as big as C. elegans’s meiotic 
chromosomes, in agreement with our hypothesis 136.   
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Overall, our analysis revealed that nuclei size scale across metazoan during 
development but reaches a plateau where nuclei size stagnates in larger cells. Within each 
species, nuclei size scale to cell size and, interestingly, at similar rates. However, at 
maximum cell size (53 um) maximum nuclei size is not maintain between species. This is 
somehow similar to the observations made for spindle length scaling. This study showed that 
spindle length plateaued and then decreases during development. However, unlike our 
findings here, maximum spindle length scaled across metazoan. Finally, we confirmed that 
the DNA density have an important effect on chromosome length as a closely related species 
with similar cell size but twice the genome size of C. elegans also have bigger chromosomes. 
Previously, we showed that CENP-A levels are important for chromosome size regulation 
during C. elegans development, as high levels of CENP-A in bigger cells prevents 
chromosome compaction. It would be of interest to test if P. typica CENP-A levels are 
similar to C. elegans levels during early embryonic development. Perhaps, the genome (or 
canonical H3 nucleosomes) to CENP-A ratio would be disturbed and would be responsible 
for the longer chromosomes.  
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Chapter 5. DISCUSSION
Embryonic development provides a unique system to study cellular processes in the 
context of animal development. The large, transparent cells of C. elegans embryo make this 
nematode particularly interesting for high-resolution microscopy assay. Moreover, its 
complete genome and the possibility to do both forward and reverse genetics made this model 
organism indispensable to answer cell and developmental biology question. One fundamental 
question that has intrigued biologist for a long time is how does an animal regulate its size? 
And, more particularly, at the cellular level, how does a cell regulate its size and the size of 
its internal organelle? At the beginning of the previous century, Edward G. Conklin made the 
observation that snail embryos (C. plana) produces small (micromeres) and big cells 
(macromeres) and that each type have organelles of corresponding size. For example, he 
found that the determining factor in regulating nuclear size is the amount of cytoplasm 
present in a cell. Following high-speed centrifugation, the yolk and the cytoplasm is 
separated and the next cell division unequally segregates the cytoplasm between the two 
daughter cells. The cell that receives more cytoplasm always had larger nuclei. Those were 
the first experiments describing how the cytoplasm contains factors required for organelle 
size scaling to cell size.  
 
In this thesis, we investigated if and how chromosomes adjust their size to the size of the 
cell. The problem of chromosome size scaling is of great interest for multiple reasons. First, 
the genome’s compaction level was historically described as being at its maximum at 
metaphase. Using C. elegans embryonic development, we demonstrate this is not true as 
prometaphase chromosome length changes in response to change in cell size, smaller cell 
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have shorter chromosome. Second, the genome size is constant in every somatic cell 
irrespective of cell size. In contrast to structures like the centrosomes or the mitotic spindle, 
the building block itself, the DNA, cannot change. Instead we are looking for enzymes or 
proteins modifying the ultrastructure of the chromatin. Therefore, our simple observation of 
chromosome length scaling during early embryonic development showed that for a given 
genome, chromatin achieve multiple levels of chromosome compaction. 
 
The first question we asked following our primary observation was whether 
chromosomes get smaller during development because of a developmental program or 
because of cell size. Although, a priori, it seems like cell size is critical in regulating 
chromosome size it was a possibility that some developmental cue would dictate 
chromosome size scaling irrespective of cell size. To answer this question, we needed a way 
to uncouple cell size and developmental program. We searched for a way to make embryo 
smaller without changing the developmental program.  Partial RNAi depletion of the 
importin-α IMA-3 reduces embryo size without changing the developmental program 
(embryos proceed to develop to the larvae stage). In this condition, as early as the 2-cell 
stage, chromosome length was shorter compared to control. To provide a thorough analysis 
of chromosome size scaling, we used a linear regression to explain the relation between cell 
and chromosome size. This simple equation allowed us to establish a rule for chromosomes 
size scaling in Control embryos. The linear regression has two properties; the slope defines 
the rate of chromosome size reduction for every 1 μm drop in cell diameter and the intercept 
defines the minimal chromosome size when cell size is 0 (or at minimal cell size). Using this 
metric we were able to show that both the intercept and the slope were not change in the 
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smaller embryos compared to control. Importantly, this result suggests that during early 
embryonic development, chromosome size is control by cell size rather than a developmental 
program. 
 
Next, we investigated if proteins known to regulate organelle scaling in other system were 
also important in scaling chromosome. Of interest was the nuclear import pathway because it 
was shown that a differential import of the nucleus structural element, the lamins, was 
responsible for nuclear size scaling during frog embryonic development. Moreover, there was 
a probability that nuclear size rather than cell size was important for scaling. We performed a 
mini targeted screen and RNAi depleted all known import factors in C. elegans. This 
approach identified 2 nuclear import factor as being important for nuclear and chromosome 
size scaling; the Ran-GEF RCC1 and the NTF-2 protein. Those 2 proteins are critical to 
maintain high Ran-GTP in the nucleus and therefore to provide the Ran-GDP-GTP gradient 
around the chromatin.  Effectively, partial RNAi depletion of RCC1 or NTF-2 disrupted 
nuclear size scaling; at a given cell size, the nuclear size was different then what was 
predicted from control linear regression. In RCC1 partial depletion, we found that the 
chromosome size scaling to cell size relation was not maintained, as the slope between the 
RCC1 depletion and the control were significantly different. However, the relation between 
nuclear size and chromosome size was conserved, to some extent. Looking closely at the 
relation we found that the slope, therefore the rate of chromosome size reduction, was 
maintained but the intercept was different by ~ 0.7 μm. This result suggests that in a 
condition where nuclear import is reduced an additional, fixed level of compaction of 0.7 μm 
was introduced. This result by itself is very interesting because it suggests that chromosome 
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compaction is achieve in steps rather than continuously over different scale of cell size 
(Figure 5.1.). This is in accordance with results publish by Maddox et al who found, using a 
sophisticated microscopy base assay on the C. elegans single cell embryo, that chromosome 
condensation occurs over 2 discernable steps during mitosis (Figure 5.1.). We hypothesis that 
an unknown epigenetic mark on the chromatin is incorporated in response to small nuclei size 
and therefore modify chromatin with a fixed  
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Figure 5.1. Predictions for chromosome condensation regulation through 
cell cycle or development. A)Chromosome condensation could proceed 
continuously or in a step-wise fashion through cell cycle and development. B) 
High-resolution microscopy assay suggests condensation occurs in a step-
wise manner during the first mitosis of the C. elegans zygote.  C) Analysis of 
chromosome size during development suggests nuclear size regulates 
chromosome size in a step-wise fashion as changes in nuclear size induces an 
addition of a fixed amount of condensation irrespective of chromosome size. 
 
magnitude. In accordance with this hypothesis, work in frog egg extract showed chromosome 
size was determined in G2, prior to mitosis, a time when an epigenetic marks could be 
introduced 134. Accordingly, in RCC1 depleted C. elegans embryo, analysis of chromosome 
condensation overtime suggested that the chromatin is modified before mitosis. Altogether 
we suggest that at least two different mechanisms regulate chromosome size; the first 
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mechanism scales chromosome length proportionality to cell and nuclear size through 
adaptive regulation and the second mechanism reduces chromosome length with a fixed 
magnitude (Figure 5.1.).  
 
 
Figure 5.2. The limiting component model for chromosome size regulation 
during early embryonic development. The limiting component model 
suggest a fixed amount of regulator is present in the zygote. Each successive 
division dilutes the regulator. We suggest for chromosome size regulation 
CENP-A acts as an inhibitor of chromosome compaction and its high 
concentration in the zygote prevents maximum compaction. 
 
The observation that reducing nuclear import led to smaller chromosome size gave us 
another clue on the scaling factor we were looking for. We believe that, because a reduction 
in nuclear proteins led to smaller chromosomes, the scaling factor is an inhibitor of 
chromosome compaction; reducing the availability of the inhibitor allows for more 
compaction. The alternative hypothesis would have been that the loss of a chromosome 
compaction enzyme would increase chromosome length. This observation led us to propose 
the limiting component model for chromosome size regulation (Figure 5.2.). The single cell 
embryo starts with a fixe amount of inhibitor of chromosome compaction and following 
every cell division the inhibitor is partitioned to each cell daughter cell.  Therefore in cells of 
Single Cell Embryo Multi Cell Embryo
DNA Content Inhibitor X
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different size, the inhibitor is differentially imported in the nucleus resulting in differently 
sized chromosome (Figure 5.2.).  
 
Furthermore, we think that RCC1 RNAi reflects the change in chromosome and nuclear 
size relation we would observe later during development, at a time where the nucleus is a lot 
smaller (Figure 5.1).  As we see a change in the intercept but not the slope, we suggest that at 
one point during development, there is a change in chromosome size scaling and 
chromosome shortens suddenly by 0.7 μm (Figure 5.1). A way to test this hypothesis would 
be to measure chromosome size passed the 16 cell stage and determine if the linear regression 
changes at one point. Alternatively, we measured the smallest mitotic chromosome we can 
observe in C. elegans (in the seam cells of the L1 larvea) and compared it to the prediction 
obtain from our linear regression. In fact, the linear regression predicts the smallest 
chromosome to be 2 μm but in the L1 larvae we measured chromosome of 1 μm (Fig. 5.3.). 
Importantly, to achieve those measurements we used GFP::CENP-A as a marker and 
therefore our analysis assumes the holocentric centromere is a good representation of 
chromosome length. Our result suggests the chromosome size predicted by the linear 
regression holds true for early embryonic development but not for the entire development. 
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Figure 5.3 Chromosome size scaling during development. A) 
Representative images of OD421 (the only available copy of CENP-A in the 
animals used for quantification is tagged with GFP (Fig 3.5.74) at different 
developmental stage. B) Chromosome length measured att different 
developmental stage in relation  to nuclear size. The axe formed by CENP-A 
was used to measure chromosome length. 
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Figure 5.4 Chromosome size scaling defects in monocentric and 
holocentric chromosome. Although defects in scaling in holocentric 
chromosome do not lead to a lagging arm (as observed in monocentric 
chromosome), it can result in increase segregation defects due to 
misorganization of the overall strucutre and particularly the centromere. 
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 All those previous experiments were instrumental in designing an assay, which would 
help us identify a chromosome size scaling factor. At that time, we predicted our factor to be 
chromatin associated so probably nuclear. We reasoned that a worm strain harboring an 
extra-long chromosome would be sensitive to any defect in chromosome size scaling. This 
strategy has proven helpful in identifying mechanisms regulating anaphase chromosome 
condensation in a yeast strain containing an extra-long chromosome 99. Very elegantly, this 
study showed that, during anaphase, decondensed chromosome arms are phosphorylated on 
H3 by Aurora-B effectively increasing condensation to avoid chromosome bridges. 
Therefore, we RNAi depleted protein known or predicted to reside in the nucleus and 
searched for those depletions that increased embryonic lethality in the long chromosome 
strain compared to Controls.  This strategy identified 15 potential hits. Our strategy was 
validated by the finding of Aurora-B (air-2) as a hit, as it was previously shown to shorten an 
extra-long chromosome during anaphase. Also, plk-1 and ubc-9 are modifiers of the known 
condensation factors Condensin and TOP-2, respectively. Therefore, we posit that our 
strategy identified potential regulators of chromosome size scaling.  
 
The hits we thought were of great interest were the known condensation factor CENP-
A and TOP-2. Previously, it was suggested that in holocentric organisms, CENP-A plays an 
important, however unknown, structural role as its depletion results into chromatin collapse 
rather than chromosomes assembling into their typical rod-shape 70. Also, CENP-A is a 
histone H3 variant that epigenetically defines centromeres and is thought to establish 
chromatin with distinct biophysical properties compared to canonical histone H3 chromatin 
72. In C. elegans, unlike canonical histone that are incorporated into the chromatin during 
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DNA replication, CENP-A chromatin assembles in G2 (Lydia Smith, personal 
communication). Together with our prediction that our missing condensation factor is an 
epigenetic mark, which assembles in G2, CENP-A seems to be the perfect candidate. Finally, 
all the observations we made were in accordance with CENP-A being an inhibitor of 
chromosome condensation (see Chapter 3 for more details). However, structurally, CENP-A 
does not have the properties of a decondensation factor as its nucleosome have increased 
internal rigidity 72 and in vitro reconstitution of synthetic arrays showed that CENP-A 
containing nucleosomes are more condensed than bulk chromatin 78. To reconcile the 
literature with our finding we suggest that CENP-A nucleosomes regulates chromosome size 
at a larger scale then the nucleosome scale. We think that, in C. elegans, CENP-A localizes in 
broad chromatin domains at pre-defined loci with decreasing amount of CENP-A 
nucleosomes throughout development. CENP-A domains then self-associate, generating a 
rigid body on one face of the cylindrical mitotic chromosome. We propose that the size, but 
not number, of individual CENP-A domains determines the level of axial compaction by 
regulating the level of chromosome collapse.  
 
 The other interesting finding was TOP-2 as a ‘real’ condensation factor as its 
depletion elongated chromosomes. TOP-2 wasn’t yet found to be important for chromosome 
condensation in worms and therefore our finding establishes TOP-2 as a condensation factor 
in C. elegans. Interestingly, it is known, in C. elegans, that the depletion of CENP-A or the 
Condensin II complex prevents prophase chromosome condensation but does not prevent all 
condensation as chromatin eventually compacts to a certain level prior to anaphase. 
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Following this observation, it was suggested there was a third condensation factor in C. 
elegans (see Figure 1.7). We suggest TOP-2 to be this third factor. 
In the previous chapters, the case of Condensin as a scaling factor was not discussed 
or approached in any way. In fact, depletion of Condensin II in worms leads to severe 
condensation defect starting in the zygote preventing any analysis of chromosome size 
(Appendix 1). On the other hand, thorough depletion of Condensin I resulted in no visible 
defects. We performed partial depletion of Condensin II and among the population of cells 
partially depleted, chromosomes were either fully condensed (‘normal’) or not condensed 
(‘abnormal’) (Appendix 1). Tuning the level of Condensin II depletion only shifted the ratio 
of normal to abnormal cells (Appendix 1). Therefore, we were unable to perform any sort of 
analysis for Condensin II. Interestingly, it was found that Condensin I localizes to the 
midzone during anaphase to prevents DNA bridges by increasing condensation of lagging 
chromosome 46. Accordingly, following a Condensin I RNAi treatment, the long-chromosome 
strain had a 3-fold increase in embryonic lethality compared to the control strain (Appendix 
1). This analysis suggest that perhaps Condensin I regulates anaphase condensation of 
lagging chromosome but it is unknown if Condensin I has any role during prophase 
condensation. 
 
A major caveat of our assay one could imagine is how does a defect in scaling affects  
an holocentric chromosome? It is easy to understand how a defect in scaling for a 
monocentric chromosome leads to lagging chromosome in anaphase. As for the holocentric 
chromosome, the multiple attachment points to the spindle could possibly prevent such 
anaphase defects (Figure 5.4.). We think that a defect in scaling also leads to major defects in 
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chromatin organization and therefore the nucleosome wouldn’t be positioned correctly on the 
condensed mitotic chromosome, which is essential in positioning the centromere and the 
kinetochore in order to have proper microtubule attachment. A defect in centromere 
organization could lead to segregation defects (Figure 5.4.) 
 
As a future perspective, we found and described a new model for analyzing 
chromosome size scaling, the P. typica worm strain with a larger sized genome but a similar 
sized embryo. Together with the development of CRISPR and the sequencing of many 
nematodes genome, it could serve as a great model to study the molecular requirement for 
chromosome size scaling. It would be interesting to know if the CENP-A levels scale with the 
chromosome size in a similar fashion of what is observed in C. elegans. 
 
CENP-A’s ultrastructure is very well described and the essential domains for targeting 
CENP-A to the centromere are known. Also, we know specifically what are the structural 
differences between CENP-A and H3 nucleosomes because the X-ray crystal structure of 
each nucleosomes are available. We could use this information to determine what is so 
specific to CENP-A to modify the chromatin in such a way. Unfortunately, we tried and 
devised an essay to monitor CENP-A’s effect on chromatin but did not succeed. Briefly, we 
reasoned that over-incorporation of CENP-A into arms of yeast chromosomes would change 
the biophysical properties of the chromatin. We developed a microscopy assay to track this 
change but could not find any differences between CENP-A and H3 chromatin (Appendix 2). 
Once we do have an assay that successfully monitors those differences, it would be of great 
interest to swap protein domains between H3 and CENP-A to define which part of CENP-A 
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is crucial in modifying the chromatin structure.  Alternatively, it is known that some protein, 
like CENP-C, can modify CENP-A’s ultrastructure 137. One could deplete any known or 
predicted protein to interact with CENP-A in a similar fashion and look at chromosome 
condensation and/or scaling. Finally, as we do have an output for chromosome condensation 
following CENP-A depletion in worms (chromosome length), one could potentially engineer 
through CRISPR technology heterozygote animals with different domain swaps. Any 
differences in chromosome length would indicate a change in chromatin’s ultrastructure.   
 
Our study provided the first detailed analysis of chromosome condensation in the 
context of animal development. Using high-resolution microscopy and an innovative 
screening tactic, we provided evidence that different cellular context affect chromosome 
compaction differently. To our knowledge, there was very little evidence of this in the 
literature at the beginning of this study. Interestingly, two important morphological changes 
observed in cancerous cells are variation in the nucleus size and the chromatin texture (more 
or less chromatin condensation). A change in nuclear size and chromatin condensation can be 
observed during normal development or differentiation where cells often change in size and 
must adapt nuclear size to cell size. Therefore, we can use observation made during 
development to understand better how chromatin texture changes in cancer cells. 
 107 
APPENDIX 1: THE CONDENSIN COMPLEX IN C. ELEGANS 
 
Figure Supp 1. The condensin complexes depletion phenotypes in C. elegan. A) 
Representative images of single cell TH32 embryo after Condensin II RNAi and 
number of embryos with condensed vs uncondensed chromosomes following 
decreasing amount of condensin. B) Representative images of early and late C. 
elegans embryos after Condensin I RNAi and graph depicting % of embryonic 
lethality in the long chromosomes vs WT worm strain after Control and Condensin 
I RNAi (CAP-G1). 
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APPENDIX 2: CENP-A INCORPORATION OUTSIDE CENTROMERE IN YEAST 
CELLS 
 
Figure Supp 2. CENP-A overexpression and overincorporation does not 
modify chromatin physical properties as analyzed by high-resolution light 
microscopy. a) Representative images of cells expressing GFP::Cse4 (yeast’s 
CENP-A) in Control and Δpsh1 (Cse4 overexpression and incorporation in 
arms, outside the centromere) yeast strains. The first row of each condition is a 
frame sum of 60, 120, 180 or 240 time frames. The second row of each 
condition is a binary mask obtained from the frame sum above. See Material 
and method for details about binary mask generation. b) Graphs representing 
area (μm2 covered by the binary mask generated in Control and Δpsh1 yeast 
strains in function of numbers of frame summed. Left: mean, right: data point 
distribution. Control N: 62 Δpsh1: 104. 
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